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ABSTRACT 

In the past few years energy scavenging (also known as power harvesting or energy 

harvesting) from the surroundings has been gaining more attraction. The decrease in both 

power consumption and size has the great impact on complex digital system. These small 

devices having strong communication facilities, environmental friendly and high power 

density can power the remote devices without wires or batteries. The most frequently used 

ambient energy which includes wind power, light energy, thermal energy and vibration. 

 

The technologies exploit diversely convert heat differences, ultraviolet, visible light, 

human power, body fluids, vibration or any other movement, infrared, dirt, infrared to 

electricity. Wireless sensors network and wearable devices are the examples of these new 

paradigms.  The survey attempts to provide an inclusive and comprehensive reference for 

researchers working on design and development of MEMS-based energy harvesting 

devices. While a lot of innovation and development has been made in energy harvester’s 

exploration and performance of energy harvesters has been constantly growing, there is 

still a need to provide the method to enhance the compatibility of energy harvester with 

other power remote devices. 

 

This research is divided into following parts 

1. Simulation and fabrication of pyramid shape (ZnO) solid microstructures for 

micro needle application. 

2. The performance analysis of commercially available piezoelectric based energy 

harvester. 

3. The design, simulation and analysis of nanogenerator totally based on 

perpendicularly aligned zinc oxide (ZnO) nanorods using copper (Cu) template. 

  

We reported the growth of highly organized (ZnO) nanorods that were effectively 

synthesized on copper (Cu) template by using a simple hydrothermal method at low 

temperature leading to huge area nanogenerators (NG) totally based on cost-effective 

(Cu) electrode which might empower energy harvest from the walking movements. First, 

the seed layer of gold (Au) has been deposited by plasma sputtering. Then, the growth 

process of nanorods was effectively carried out in a wrapped chemical bath. The lengths 

of nanorods 5-6𝜇m were achieved. The longer and bigger nanorods produced a surface 

with larger contact area and higher roughness. The larger contact area improves the 

absorption rate of incident light and the rougher surface strengthens the scattering effect. 

The surfaces were eventually characterized by X-ray diffraction pattern (XRD), scanning 

electron microscope (SEM), and energy dispersive X-ray spectroscopy (EDX). Then, 

(Cu) substrate was used for the development of high-output NG. Twenty-seven NGs were 

developed with maximum output voltage that exceeded to 1.8V and maximum output 

current that exceeded to 148nA. The structural simulation of nanorods has also been 

performed in ANSYS. The (Cu) substrate-based nanogenerator (NG) delivers a practical 

method for efficiently transforming mechanical energy to electrical energy via external 

force. 

The performance analysis of commercially available piezo generator was conducted, 

which transforms mechanical vibration into electrical energy. The association concerning 

the dynamic response of piezo generator and its power production is realized. The 

effective energy transfer of mechanical structure and effective electromechanical 

conversion of piezoelectric material make the piezoelectric generator an extraordinary 
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performance. The piezoelectric generator produces maximum output voltage of 4.3V 

which is 0.012µW/cm2. 

 

Numerical structural simulation has been performed in (ANSYS) to explore the deflection 

and strength of microstructure. Simulation was performed by making 3D model of single 

micro needle with applied force 0.2 to 0.7N. The simulation results show that the 

maximum deflection was 4.06µm and resultant stress values are within the limit of 

material strength. The (ZnO) solid microstructure has been fabricated on brass substrate. 

The adhesive layer of chromium with thickness of 20nm and gold seed layer with 

thickness of 50nm have been deposited by plasma sputtering. Then the fabrication of 

(ZnO) solid micro needle has been carried out by using simple dip coating method at low 

temperature. The surface was characterized and analyzed by scanning electron 

microscope (SEM). The length of micro needles is 30µm. The fabrication process was 

repeated to confirm the new fabrication method of micro needle by using existing 

technologies. Hence, the fabrication of micro needles was confirmed even in second time. 

All previous method of micro needle’s fabrication involves complex fabrication steps like 

photo resist coating, masking, etching, pattern transfer and lithography. The presented 

method of solid micro needles does not involve any complex fabrication step. This 

technique is quite simple and cost effective. The fabricated micro needles can be used for 

drug delivery, skin treatment and energy generation process for nanogenerator. 
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CHAPTER 1 

1 INTRODUCTION 

1.1 Background 

Nanotechnology is an interdisciplinary discipline encompassing areas like engineering, 

biology, physics, chemistry and material science. Nanotechnologists are competent of 

self-assembling atoms into specific structures with extremely controlled properties. These 

nanostructures might be zero-dimensional (nanoparticles), one-dimensional (nanowires),  

2-dimensional (thin films) or 3-dimensional (arrays, hierarchical structures) (Vayssieres 

et al., 2001; Wang, 2004b). Nanomaterials fabrication can be achieved via two different 

approaches, which have been termed as top-down process and bottom-up process. The 

top-down approach typically involves breaking down of big pieces of objects (physically 

or chemically) into smaller materials of preferred shapes and sizes through mechanical 

milling, ion implantation, etc. The bottom-up approach uses self-assembly to build up the 

nanostructures by bringing in individual atoms and molecules together. 

Zinc oxide (ZnO) is a substantial industrial material. Here we discuss the elementary 

properties of zinc oxide (ZnO), like growth, optical and electrical properties, meanwhile 

the potential for nanodevices applications such as nanogenerators devices relied on zinc 

oxide (ZnO) is correspondingly one of the key inspirations for the existing research. 

(ZnO) is a direct band-gap (3.37eV) (II-VI) binary compound semiconductor and 

crystallizes in 3 forms: hexagonal wurtzite, cubic zinc blende and the hardly detected 

cubic rock salt. The hexagonal wurtzite configuration of zinc oxide (ZnO) is the highly 

ordinary phase comprises a crystal arrangement C6v or P63mc, which exists entirely at 

atmospheric conditions. The wurtzite (ZnO) arrangement contains alternating zinc and 

oxygen atoms are illustrated in figure 1.1. The (ZnO) morphology has polar surface 

(0001) which is either (Zn) or (O) terminated and non-polar surfaces (1120) and (1010) 

retaining an identical number of mutual atoms. The polar surface of zinc oxide is 

extremely metastable in environment and is highly responsible for numerous exclusive 

and amazing properties together with astonishing piezoelectric properties, it also perform 

an essential role in gradually column growth, supportive for etching due to large energy. 

The polar surface is also recognized to possess distinct physical and chemical properties. 

 

 

Figure 1.1 Crystal structure of hexagonal wurtzite ZnO. 
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(ZnO) has comparatively higher and stable exciton binding energy of (60meV at 300K), 

almost 3 times larger than its competitor gallium nitride(GaN) which has an exciton 

binding energy of (2meV). It is also one of the motivations that (ZnO) is so attractive for 

optoelectronic and nanogenerator devices. Higher exciton binding energy structures give 

brighter emissions, because exciton is a bound system, which radiatively recombine with 

greater efficiency without requiring traps to localize the carriers. Other encouraging 

aspects of (ZnO) are that it is non-toxic, low-cost and chemically stable. It can be 

synthesized as a single crystal by numerous methods and it can be grown in variety of 

morphologies and dimensions. (ZnO) nanostructures are promising candidates in 

miniaturized nanogenerator sand sensing devices. (ZnO) is bio-safe, biocompatible and 

used for biomedical applications without coating. 

In the past few years micro electro mechanical system (MEMS) are becoming more 

popular and attractive in order to achieve high precision, increase in functionality and 

very small size especially in actuator and sensors fields. The micro robots applications 

and other miniature devices are commercially available. Energy Scavenging or harvesting 

from the environment has been investigate using numerous  methods such as thermal 

gradient, energy produced by human body, light energy, wind power, action of 

gravitational fields, solar power, fluid flow and vibration. Mechanical vibration is a power 

source which is easily can be converted in to electrical energy through micro electro 

mechanical system technology. The ambient energy would be useful for wearable 

devices, household applications, sensors for medical implants, compute or communicate 

practically everywhere and wireless sensors nodes, which demand self-supportive power 

for radio frequency signal transfer and sensing. Power consumption requirement of VLSI 

design is very low (i.e. 10-100μW). Battery storage densities have boosted extensively, 

with lithium ion batteries having a power 160Wh/kg (Roundy et al., 2003c). This 

miniature technology is widely used in wearable devices that can be integrated in common 

use objects such as clothes, watches, shoes and glasses etc. This micro scaling trend in 

different applications eliminating the need for wiring, chemical batteries or finite power 

sources which is bulkier and higher cost. The life of the battery is very limited and the 

Moore’s law has not been matched by similar advances in battery technology.  The basic 

motivation for micro engineering is to satisfy the weight limitation or a space or to reduce 

the impact of power sources on the size of the system. Therefore the energy scavenger 

becomes more appealing or even essential, if the total device is smaller than about 1cm3. 

To power the (MEMS) devices electrical energy is generated from electrostatic, 

electromagnetic, piezoelectric, kinetic and thermal energy. The acquired energy is used 

the recharge the electronic devices directly or to power the secondary batteries. The 

output voltage and current generated from this miniature technology is discontinuous and 

transient in nature, and must be converted to (DC) signal. Therefore it is very obvious to 

design a storage or convertor circuit that needs to take into account the output signal of 

the generator and its impedance. 
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Figure 1.2 Energy Harvesting Block Diagram 

 

Energy harvesting system consists of an Energy harvester self-contained unit and a 

processor/transmitter block. Energy harvester module has the ability to secure milli-watts 

of energy from Solar cell, vibration, thermal, light or other biological sources. Radio 

frequency (RF) is also a source of energy which is related to the frequency of the electrical 

signals usually used to detect radio waves emitted from mobile phone radio mast or tower. 

The power is then accumulated within a battery, powerful charging capacitor or one of 

the newly industrial and consumer product thin film solid state rechargeable batteries. 

The system is then triggered to take a sensor reading, through a low power system. This 

data is then communicate and processed to the base station. This kind of energy harvesting 

System eradicates the reliance of the system on battery power, moderates the performance 

of the system and the maintenance cost is approximately negligible.  

 

1.2 Characteristics of Energy Harvesting Applications 

 To maximize storage of energy, harvester must have the ability to perform with 

lowest standby current. 

 When energy harvester is active it must consume lowest possible power.  

 It has the capability to turn on and turn off promptly. 

 Analog competency for low energy sensor interfacing and measurements. 

 Capability to perform with a low voltage range. 

 To maximize the harvested energy the leakage of the current must be reduced. 
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The table 1.1 (Vullers et al., 2009) classifies the magnitude of energy that an appropriately 

fixed device might expect to squeeze energy if placed in the proper location. The table 

also classifies the favorable circumstances of extracting energy from a user by wearable 

devices. The sum of energy available from a human user is typically two to three orders 

of magnitude lesser than that available in ideal industrial conditions. 

 

Table 1.1 Characteristics of different energy sources convenient in the 

environment and harvested power 

Source Source Power Harvested Power 

Ambient Light 

Indoor 

Outdoor 

 

0.1mW/cm2 

100mW/cm2 

 

10μW/cm2 

10mW/cm2 

Vibration 

Human 

Industrial 

 

0.5 m @ 1 HZ 1 m/s2@ 50 HZ 

1 m @ 5 HZ 10 m/s2@ 1 HZ 

 

4μW/cm2 

100μW/cm2 

Thermal Energy 

Human 

Industrial 

 

20mW/cm2 

100mW/cm2 

 

30μW/cm2 

1-10mW/cm2 

Radio Frequency (RF) 

Cell Phone 

 

0.3mW/cm2 

 

0.1μW/cm2 

 

1.3 The Nanogenerator 

Nanogenerator is the expression researchers use to illustrate a miniature electronic chip 

that can use mechanical movements of the body, such as a gentle finger pinch, to produce 

electricity. The chip has an integrated circuit imprinted onto a substrate, identical to 

components on the boards of the circuit inside your computer. These generators are a 

piece of nanotechnology, so small its size is calculated by the nanometer which is one 

billionth of a meter. The most complex nanogenerators in existence are tiny enough to be 

held between two fingers. The major components inside nanogenerators are nanotubes or 

an analogous structure made from a piezoelectric material. Piezoelectric materials can 

produce an electric current just by being twisted or stressed as shown in figure 1.3. 

Thousands of nanotubes or nanowires can be packed in a small space less than the width 

of a human hair. At that range, and with the mutual flexibility of the nanogenerator 

components, even the least movement can produce electric current.  

mailto:0.5m@1
mailto:0.5m@1
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Figure 1.3 Schematic diagram of deflected Nanowires in Nanogenerator 

1.4 Practical Applications for Nanogenerators 

Doctors require reliable technology to empower devices implanted in patients to control 

or examine the patient's health. Examples of such type of devices are continuous glucose 

monitoring systems and pacemaker. Implant these devices come with an inherent 

challenge: They can wear out over time or need substitute batteries or a bulky external 

power source. By using suitable nanogenerators, doctors might implant a new invention 

of these devices with the ability to stay powered and last a long time with nominal body 

invasion. Such devices would harness the energy of spontaneous movement like a 

heartbeat or lung extension. In short, you might be using your body to keep alive a piece 

of equipment that facilitate keep you alive in return. Moreover, by using non-toxic 

materials such as (ZnO) which is piezoelectric material, there is a prominent chance of 

embedding a nanogenerator without damaging the body. Researchers hopes to modify the 

nanogenerators that might soon be recharging your iPod or cell phones. Because 

nanogenerators are so tiny, they might simply be implanted in the shirt or hoodie, so your 

device could utilize your pulse to keep a battery topped up. 

A side advantage of utilizing nanogenerators is their potential encouraging impact on the 

surroundings. Nanogenerators utilize a renewable source: kinetic energy from body 

movement. They are more environmentally friendly materials as compared to batteries, 

and the potential could be huge to lessen the waste concerned with battery construction 

and discarding. Still, the overall impact is negligible, due to the size and restricted power 

of nanogenerators. It’s developing technology and soon the nanogenerators will be 

feasible in empowering bigger devices such as cell phones and laptops. Nanogenerators 

apparently cannot be a substitute of batteries, at least not in the near future. You still 

require conventional battery backups for equipments with which you are not in ordinary 

physical contact, such as alarm clocks. You also want to assure that various devices 

continue to work idly even when you are not touching them, such as your smart phone. 

Probably in the future, researchers will couple nanogenerators with various sort of 

rechargeable battery arrangements to generate a reliable power resource. 
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1.5 Problem statement 

The world is consuming an ever increasing amount of energy. The increase is driven by 

population growth and improvement in human development around the world. It then 

goes in to estimate the increase in energy consumption resulting from the developing 

world increasing its quality of life, and also estimates the efficiency gains that can be 

reasonably achieved in the developed world. The net result is that efficiency gains in the 

developed world cannot provide enough energy to meet the needs of the developing 

world, and thus global consumption will likely increase, potentially resulting in a more 

than doubling of global energy consumption. 

In today’s world, energy consumption is a major consideration in the vehicles that we 

buy.  With a finite supply of petroleum resources, average fuel costs are rising.  And also 

with hybrid and fuel cell automobiles becoming more popular and available, it is highly 

desirable to harness a maximum amount of energy from these power sources as this can 

reduce the effect battery charging has on the environment.    

The use of piezoelectric devices installed in airport terminals will enable the capturing of 

kinetic energy from foot traffic.  This energy can then be used to offset some of the power 

coming from the main grid.  Such a source of power can then be used to operate LED 

lighting systems, since LEDs use far less energy than more conventional (fluorescent and 

incandescent) bulbs. LED’s are about four times more efficient than conventional 

incandescent lights and more environmentally friendly than compact fluorescent bulbs.  

This will help to decrease energy consumption and environmental impact even further. 

Traditional high voltage power transformers have no or little form of remote condition 

monitoring let alone the ability to predict failures that might occur. Unforeseen failures 

and breakdowns have led to extensive financial losses even with planned maintenance 

schedules. A distinct need has arisen to actively monitor and identify causes of such 

failures on these transformers. For such a system to be realized, a wireless sensor network 

was proposed to monitoring of transformers. A wireless sensor network comprises of 

individual sensor motes that are microprocessor transceiver units with sensors interacting 

with one another by relaying information wirelessly. However, wireless sensor motes 

(WSMs) are battery operated and therefore have a limited operating life. The replacement 

of depleted batteries is not always feasible often due to inaccessibility of remote and 

hazardous locations in which the motes are situated. As the battery is depleted, operation 

becomes unpredictable compromising sensor data integrity. An alternative to battery-

powered sensor motes is the use of available energy harvested from the surrounding 

environment. This energy can be converted through various transducers and stored as 

needed to permit sustainable delivery of power to the sensor mote. By enabling prolonged 

and predictable operation of sensor motes, reliable condition monitoring of high voltage 

transformers can be realized and malfunctions minimized. 

1.6  Objectives of the work 

1. Simulation and fabrication of pyramid shape ZnO solid microstructures for energy 

harvesting application. 

2. The performance analysis of commercially available piezoelectric based energy 

harvester. 

3. The design, simulation and analysis of robust nanogenerator based on vertically 

aligned ZnO nanorods using copper (Cu) substrate 
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1.7 Structure of this report 

This dissertation includes six chapters. The 1st section is an introduction of this work 

consisting of a background of the study, characteristics of energy harvesting applications, 

Nanogenerators, practical applications of nanogenerators, statement of the problem and 

research objectives. In 2nd chapter of the dissertation, literature review of associated 

research is presented. This chapter includes a detailed study on the Motion-Driven Energy 

Harvesters: Operating Principles, Reported Motion-Energy Harvesters, Energy 

Harvesting Using Ambient Fluid Flow, Self-powered Nano-wire devices, Three-

dimensionally integrated (VING), High-output flexible (LING), Self-powered 

Nanosystem and Methods of growth and fabrication of self-powered nano-wire. The 3rd 

chapter deals with experimental methods used throughout this work are presented by 

describing the materials and methods concerned in fabrication of the nanostructures 

leading to nanogenerators. The characterization techniques and the experimental 

procedures utilized for testing the nanostructures also discuss in this chapter. The 4th 

chapter deals with the simulation and fabrication of zinc oxide (ZnO) pyramid shape solid 

microneedle. The structural simulation has been conducted in ANSYS by making 3D 

model of single microneedle with applied forces. The (ZnO) solid microstructure has been 

fabricated on brass substrate. The 5th chapter contains the performance and analysis of 

commercially available piezo generator, which converts mechanical vibration to electrical 

power. The relationship between the dynamic response of piezo generator and its power 

output is realized. The 6th chapter deals with the growth of well-aligned (ZnO) nanorods 

that were successfully synthesized on copper (Cu) substrate by using a simple 

hydrothermal method at low temperature leading to a robust nanogenerator (NG) 

nanogenerator relied on cost effective (Cu) copper electrode which might assist energy 

scavenge or harvest from the human walking motions. 
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CHAPTER 2 

2 LITERATURE REVIEW 

 

2.1 Zinc Oxide: Crystal Structure 

The (ZnO) crystal is typically hexagonal wurtzite exhibiting partial polar 

characteristics (Wang, 2004b) with lattice parameters a = 0.3296nm and c = 0.52065nm. 

The structure of zinc oxide can be explained as alternating planes compose of 

tetrahedrally coordinated (O2-) and (Zn2+) mountained alternately along the c-axis as 

shown in (Figure 2.1). The oxygen (O) anions and zinc (Zn) cat ions form a tetrahedral 

unit (Wang, 2009). The tetrahedral coordination in (ZnO) results in piezoelectric 

properties accredited to the lack of inversion symmetry. An additional significant 

characteristic of (ZnO) crystals is associated to their polar surfaces. Even though the 

(ZnO) crystal is charge neutral, the allocation of the (Zn2+) and (O2-) ions get explicit 

pattern so that various surfaces are terminated exclusively with (Zn2+) ions or (O2)- ions, 

consequentially in + ve or -ve charged surfaces, termed as polar surfaces. (Wang, 2009). 

In the (ZnO) crystal generally the (O) most ordinary polar surface is the basal-plane 

(0001). One end of the basal-plane terminates with partially +ve (Zn) lattice sites and the 

other end terminates in partially -ve lattice sites. The opposite charged ions creates +ve 

charged zinc (0001) and -ve charged oxygen ( ) surfaces, resulting in an ordinary 

dipole moment and spontaneous polarization along the c-axis as well as a variation in 

surface energy (Hu et al., 2013b). To assist a stable structure, the polar surfaces typically 

have facets or usually exhibit intense surface reconstructions, but zinc oxide ± (0001) 

surfaces are exceptions: they exhibit no reconstruction and atomically flat (Emanetoglu 

et al., 1999; Chen et al., 2000). Efforts to realize the greater stability of the (ZnO) ± (0001) 

polar surfaces are at the leading edge of research in surface physics (Mitra et al., 1998; 

Liang et al., 2001; Saito et al., 2002). The other two most frequently observed facets for 

Zinc oxide are { 2110 } and { 0110 }, which are non-polar and have less energy than the 

facets (Emanetoglu et al., 1999). The crystal structure of Zinc oxide is shown in figure 

2.1(a) and the generally observed facets in figure 2.1(b) (Wang, 2009). Table 2.1 show 

various properties of bulk Zinc oxide. 

 

 

Figure 2.1 (a) Wurtzite structure model of (ZnO) with a non-central symmetry 

0001
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 (b) the three commonly observed facets of (ZnO) nanostructures: ± (0001), {2�̅��̅�𝟎 

} and {01�̅�0}. {2�̅��̅�̅̅ ̅̅ 0} and {01�̅�0} are non-polar and have lower energy than the 

{0001} polar facet 

 

 

Table 2.1 Properties of zinc oxide 

Crystal structure Hexagonal wurtzite 

Lattice constant a=3.264A°, c=5.207A° 

Molecular weight 81.38 

Density 5.67g/cm3 

Melting point 1975°C (3587F) 

Heat of fusion 4,470cal/mole 

Thermal Conductivity 25W/mK at 20°C 

Thermal expansion coefficient 4.3x10-6/K at 20°C and 7.7 x10-6/K at 600°C 

Cohesive energy 1.89eV 

Band gap at room temperature 3.37eV 

Refractive index 2.008 

Electron and hole effective mass me
*=0.28 m0 , mh

*=0.59 m0  

Debye temperature 370K 

Lattice energy 964kcal/mole 

Dielectric constant ε0 = 8.75, ε∞ = 3.75 

Exciton binding energy 60meV 

Piezoelectric coefficient 12pC/N 

Pyroelectric constant 6.8 A/s/cm2/K x1010 

Solubility 1.6 mg/L (30oC) 

Standard enthalpy of formation -348.0 kJ/mol 

Standard molar entropy 43.9 J·K-1mol-1 

 

Zinc oxide exhibits a diverse range of novel structures. These structures can be grown by 

tuning the growth rate along three fast growing directions: < 2110 > (± [1210 ], ± [ 2110

], ± [1120 ]); < > (± [ ], ± [ ], ± [ ]) and ± [0001]. The relative 

surface activities of various growth facets under given conditions conclude the surface 

morphology of the grown structure. Macroscopically, a crystal has various kinetic 

parameters for unlike crystal planes, which are emphasized under controlled growth 

conditions. Hence, after a preliminary period of growth and nucleation, a crystallite will 

normally develop into a 3-dimensional object with precisely, low index crystallographic 

0110 0110 1010 1100
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faces. Figures 2.2(a), (b), (c) and (d) show some distinctive growth morphologies of 1-D 

nanostructures of Zinc oxide. These structures lead to maximize the areas of the { 2110
} and (Ayouchi et al.) facets because of the less surface energy. The morphology shown 

in Figure 2.2(b) is dominated by the polar surfaces, which can be developed by 

introducing planar defects parallel to the polar surfaces. Occasional twins and planar 

defects can be recognized parallel to the (0001) plane, but dislocations are not noticeable 

(Wang, 2004a). 

  

 

Figure 2.2 Growth morphologies of (ZnO) nanostructures with corresponding 

facets 

2.2 Zinc Oxide Nanostructures: Synthesis methods 

The synthesis methods of different Zinc Oxide (ZnO) nanostructures can be 

classified as follows: 

 

 (a) Solution phase synthesis:  In the solution phase synthesis, the growth 

process is carried out in a liquid. Generally aqueous solutions are used and the process is 

then referred to as hydrothermal growth process. Some of the solution phase synthesis 

processes are 

 

  1.   Zinc Acetate Hydrate (ZAH) derived colloidal sol-gel route (Spanhel, 

2006) 

  2.   ZAH in alcoholic solutions with sodium hydroxide (NaOH) or tetra 

                   methyl ammonium hydroxide (TMAH) (Spanhel, 2006) 

  3.   Template assisted growth (Shingubara, 2003) 

  4.   Spray pyrolysis for growth of thin films (Krunks and Mellikov, 1995; 

Ayouchi et al., 2003) 

  5.   Electrophoresis (Wang et al., 2006) 

 

 (b) Gas phase synthesis:  Gas phase synthesis uses gaseous environment in 

closed chambers for the growth of nanostructures. Normally these are carried out at high 

temperatures from 500o C to 1500o C. Some commonly used gas phase methods are 
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  1.   Vapour Phase Transport which includes Vapour Solid (VS) and  

        Vapour Liquid Solid (VLS) growth (Tang et al., 2001; Zheng Wei et 

al., 2001; Wang and Li, 2002; Miao et al., 2007) 

  2.   Physical Vapour Deposition (Dalal et al., 2006) 

(PVD) is a process by which a thin film of material is deposited on a substrate according 

to the following sequence of steps:   

i. The material to be deposited is converted into vapor by physical means. 

ii. The vapor is transported across a region of low pressure from its source to the 

substrate.  

iii. The vapor undergoes condensation on the substrate to form the thin film.  In VLSI 

fabrication, the most widely-used method of accomplishing PVD of thin films is 

by sputtering. 

 

Figure 2.3 Schematic Representation of (PVD) 

Figure 2.3 shows the schematic diagram of (PVD) process. Sputtering is a mechanism by 

which atoms are dislodged from the surface of a material as a result of collision with high-

energy particles. Thus, (PVD) by Sputtering is a term used to refer to a physical vapor 

deposition (PVD) technique wherein atoms or molecules are ejected from a target 

material by high-energy particle bombardment so that the ejected atoms or molecules can 

condense on a substrate as a thin film.  Sputtering has become one of the most widely 

used techniques for depositing various metallic films on wafers, including aluminum, 

aluminum alloys, platinum, gold, (TiW) and tungsten.  

  3.   Chemical Vapor Deposition (CVD) (Satoh et al., 2005) 

Chemical Vapor Deposition (CVD) is a chemical reactions which transform gaseous 

molecules , called precursor, into a solid material , in the form of thin film 

or powder, on the surface of a substrate . 
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Figure 2.4 Chemical Vapor Deposition Process (CVD) 

Figure 2.4 shows the schematic diagram of chemical vapor deposition (CVD). Chemical 

vapor deposition is used in a multitude of semiconductor wafer fabrication processes, 

including the production of amorphous and polycrystalline thin films (such as 

polycrystalline silicon), deposition of SiO2 (CVD SiO2) and silicon nitride, and growing 

of single-crystal silicon epitaxial layers. 

A basic CVD process consists of the following:  

i. A predefined mix of reactant gases and diluents inert gases are introduced at a 

specified flow rate into the reaction chamber. 

ii. The gas species move to the substrate.  

iii. The reactants get adsorbed on the surface of the substrate. 

iv. The reactants undergo chemical reactions with the substrate to form the film. 

v. The gaseous by-products of the reactions are desorbed and evacuated from the 

reaction chamber.  

During the process of chemical vapor deposition, the reactant gases not only react with 

the substrate material at the wafer surface (or very close to it), but also in gas phase in the 

reactor's atmosphere.  Reactions that take place at the substrate surface are known 

as heterogeneous reactions, and are selectively occurring on the heated surface of the 

wafer where they create good-quality films.  

Reactions that take place in the gas phase are known 

as homogeneous reactions.  Homogeneous reactions from gas phase aggregates of the 

depositing material, which adhere to the surface poorly and at the same time form low-

density films with lots of defects.  In short, heterogeneous reactions are much more 

desirable than homogeneous reactions during chemical vapor deposition. 

 

 

 

  4.   Metal Organic Chemical Vapour Deposition (MOCVD) (Yasuda and 

Segawa, 2004) 
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  5.   Thermal Oxidation of pure Zn and Condensation (Li and Gao, 2007) 

  6.   Microwave assisted thermal decomposition (Lagashetty et al., 2007) 

2.2.1  ZnO nanostructures through hydrothermal growth 

There are numerous high and low temperatures Zinc oxide (ZnO) nanostructures growth 

methods. The hydrothermal methods are most common due to several reasons. This  

method  obtained  much  attraction  in  the  scientific community  when  (Vayssieres et 

al., 2001)  practically  demonstrated  the growth  of Zinc oxide (ZnO)  nanostructures  on  

a  substrate.  It does not need sophisticated apparatus; it is environment friendly, low cost 

and suitable for scale-up. Various morphologies of the ZnO nanostructures can be attained 

by modifying the hydrothermal conditions (Wang, 2004b; Xu et al., 2008a; Willander et 

al., 2009). Moreover, the  hydrothermal  growth  occurs  at   low  temperature  and thus  

holds immense promise for (ZnO) nanostructures synthesis on a plenty of stretchable, 

flexible  plastic  and  paper  substrates  (Ko et al., 2011; Willander et al., 2012).  The  

hydrothermal process  has  been  verified  as  a  dominant  and  adaptable  process  for 

synthesizing  Zinc  oxide  nanostructures  and  so  has  been  reported  in  the 

manufacturing  of  sensing  and  electronics  devices.  The  performance  of  these devices  

is significantly  linked  to  the  morphology  of  the  microstructures  and thus  requires  

modification  of  the  growth  parameters.  Researchers already  synthesized  (ZnO)  

nanorods  (Guo et al., 2005), nanotubes  (Israr et al., 2009; Amin et al., 2010),  flower-

like  (Amin et al., 2011), urchin-like (Zhu et al., 2009; Zhou et al., 2013), nanoflowers 

(Wang et al., 2008) and   corals  shape structures (Lamberti et al., 2014) by  the  similar  

method. The schematic diagram of the hydrothermal growth procedure is shown in figure 

2.5. 

 

Figure 2.5 Illustration of the hydrothermal growth method 
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2.2.2 Synthesis of ZnO nanorods 

The (ZnO) nanorods fabrication  was carried  out  on  plenty of substrate  such  as silicon  

(Si), glass,  plastic  and paper  substrates.  Before  concluding  the  optimal  conditions  

for  (ZnO) nanorods growth on various substrate we have faced the problem of poor 

reproducibility,  along  with  difficulty  to  control  the  size  and  the morphology.  After 

some systematic investigation, researcher used the different optimized conditions. The 

growth solution used in this process which contained 110mM  of  zinc  nitrate  

hexahydrate  (Zn(NO3)2.6H2O) and  110mM  of Hexamethylenetetramine  (HMT) 

(C6H12N4)  even as  keeping  their  volume ratio  1:1. To prepare the Cr/Au seed layer all 

the regents were analytically uncontaminated and used without further purification. The 

substrate was washed in ultrasonic bath with ethanol and acetone for 15 minutes and 

immersed it into a  beaker  comprising  the  nutrient  solution;  these substrates were  then  

deposited  for  some hours in an laboratory oven at a temperature of 60- 100 °C for 3-4 h  

(Polsongkram et al., 2008).  The substrates were then washed with DI water several times, 

and dried in air. The morphology of nanorods extended along one direction (c-axis) and 

structure with a hexagonal cross-section can be elucidated from the wurtzite crystal 

structure of Zinc oxide (ZnO), which have a partial ionic in nature. The (001) plane in 

Zinc oxide (ZnO) is polar and thus have a maximum surface energy.  As  a  result,  the  

highest  growth  rate  is  along  the  [001] direction as shown in figure 2.6 and  well  

oriented  nanorods  are  easily  formed  in  the  c-axis orientation (Byrne et al., 2011). 

 

 

Figure 2.6 Hexamine attachment on the non-polar facets of the crystal of zincite 

perfectly allows the crystal growth in the (0001) direction. (a) Hexagonal crystal of 

(ZnO) (b) Hexamine attachment on to the non-polar facets detaching the polar 

face uncovered allowing supplementary crystal development along the c-direction 
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2.2.3 Synthesis of ZnO nanotubes 

Zinc oxide (ZnO) well organized nanotubes can be  fabricated by many methods 

(Omar et al., 2014)  and  are  of  particular  interest  for  many  application  such as 

high efficiency  solar  cell  because of  its  high  internal  surface  area  compared  to 

nanorods, and yielding in brighter LED’s compared to nanorods (Lin et al., 2013). 

Nanotubes are fabricated by etching process of the (ZnO) nanorods. To convert the 

(ZnO) nanorods into nanotubes by dropping the nanorods in (KCl) solution of 

concentration in the range of (3-3.4M) for the time period of 6 to 13 h, whereas the 

temperature of the (KCl) solution varied from 80 to 90℃ (Conradt et al., 2011). The 

absorption time optimized by taking into account the nanorods dimensions in 3.4M 

(KCl) solution  at  90℃ resulting  in  100% yield.  The  alteration  ability  of  (ZnO)  

nanorods  into  nanotubes  and  the  etching  process  can  be analyzed from  polar  

and  non-polar surfaces  of  (ZnO)  nanorods.  The  highest  energy  [001]  plane  of  

(ZnO) nanorods results in the etching along the [001] direction while it reduces the  

system  energy  throughout  the  etching,  and  steadily  leads  to  tabular structure,  

whereas  the  non-polar  planes  with stable planes and lower  energy  are  less  

favorable  for  etching  as  shown  in  the schematic  diagram  of  figure 2.7(a). Figure 

2.7(b) illustrates the (ZnO) nanorods transformed into (ZnO) nanotubes. 

 

Figure 2.7 (a)  Illustrates  the  (SEM)  image  of  (ZnO)  nanorods  (inset)  in  an 

widen  view  of  a  nanorods  exhibiting  clearly  hexagonal  structure, (scale 

200nm). (b) (SEM) Scanning electron microscope image of the (ZnO) nanotubes 

2.3 Motion-Driven Energy Harvesters: Operating Principles 

2.3.1 Introduction 

Motion-driven micro-generators for energy harvesting classified into two groups: the one 

that workout direct force application and the 2nd that utilize with modified inertial forces 

exerting on a proof mass. The model of direct-force generator is illustrated in figure 2.8.  
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Figure 2.8 Generic Model of direct-force generator 

In the above case, the driving force fdr(t)  which generally acts on an inertial mass (m) 

holds up the structure on a suspension through spring stiffness k, with an energy 

extracting damping force f (�̇�) which oppose the relative motion. If the damper is 

employed by appropriate electromechanical transducer, then in opposing the motion, the 

applied mechanical energy is transformed directly into electrical energy. But in this 

condition there are some restrictions of maximum internal displacement ±Zl on the 

displacement of the mass, demanded by device dimension. Direct force generators 

necessarily create general mechanical connection with two arrangements that displace 

comparative to each other, which might impose an impact on the damper. The schematic 

diagram of linear inertial microgenerator is illustrated in Figure 2.9. 

 

 

Figure 2.9 Generic model of inertial generator 

Again a seismic mass holds up the structure on a suspension as shown in above figure 

and its inertia outcomes in an internal motion z (t) when the casing, through absolute 

motion y (t), permits acceleration. The range of z (t) is again ±Zl which is the maximum 

internal displacement. Mechanical energy is converted into electrical energy once the 

work is done in contradiction of the energy extracting damping force f (�̇�), which prevents 

the relative motion. Linear Inertial microgenerator need simply one point of interaction 

to a moving entire structure, which provides additional elasticity, adaptability and 

flexibility as compared to the direct-force generators and permits a considerable and 

extreme amount of miniaturization. To generate power, the damper ought to be employed 

by appropriate and suitable electromechanical transducer. 
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2.3.2 Transduction Methods 

In general electrical generators are extremely and enormously based on electromagnetic 

transduction. In small scale energy scavenging two key advance methods are added. 

Electrostatic transduction, which is unfeasible and ineffective for bulky apparatuses, 

converts much more convenient and advantageous at small scales and highly suitable to 

microelectromechanical (MEMS) applications. Piezoelectric transduction is usually 

unfeasible and impracticable for spinning purpose but it is so feasible and practical in 

reciprocating kind of the motions which is normally utilized for scavenging. 

Rotating electromagnetic generators which are in ordinary and commonly use from power 

of a few watts the most common example is (brushless wind turbine systems) to numerous 

hundreds of megawatts (system operates at a precise synchronous speed, in power plants). 

It is feasible and achievable to employ the damper of a microgenerator that explained by 

the famous principle of Faraday’s law of induction, as shown in figure 2.10. When 

magnetic flux changes with a coil induces a voltage v(t)  establishing a current i(t) in the 

circuit. The force f(t) on the mobile charges in the magnetic field acts to resist the relative 

motion, as explained by Lenz’s law.  

 

 

Figure 2.10 Principle of operation of the electromagnetic transducer 

When the mechanical work is applied against the resistive force is directly transformed 

to heat energy in the resistance of the circuit and accumulated entire energy in the 

magnetic field related with the circuit inductance. Here are Some significant issues 

associated to electromagnetic energy scavengers are the powerful damping forces most 

probably require quick flux changes, which are entirely complicated and complex to attain 

in miniature devices or at extremely low frequency; so in this case the total number of 

coil turns attainable in a (MEMS) miniature device will be restricted, consequentially 

very small output voltages; and the grouping of ferromagnetic and permanent magnets 

resources for the flux path, is feasible to be attained. In electrostatic devices, mostly 

mechanical forces are generally applied to execute work in contradiction of the attraction 

of oppositely charged element; such kind of devices are usually taken as mechanically 

variable capacitors and there plates which are parted by the source movement. The main 

thing is they have mostly two fundamental and essential modes of operation one is 

continuous and the other is switched (Mitcheson et al., 2008). In switched type operation, 

mostly circuitry and the transducer is recomposed, throughout the process of switches, at 

individual fragments of the generation cycle. Switched type transducers can further be 

more distinguished into two major types: one is constant charge and the second is constant 

potential. The Principle operation of the electrostatic transducer constant charge is 

illustrated in figure 2.11 (a).  
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Figure 2.11 The basic process of the electrostatic transducer (a) Constant 

electrostatic charge transducer (b) constant electrostatic voltage transducer 

In a parallel plate sequence with adjustable separation and stable overlap where  the 

horizontal component of �̇�(t) = zero and with a minor fringing field, here the field strength 

is directly proportional to the fixed charge, thus the entire energy density of the electric 

field is usually autonomous of plate separation. As soon as the electrode separation rises, 

supplementary electrical potential energy is deposited in the amplified volume of electric 

field. If plates are stimulated comparative to one another than the vertical component of 

�̇�(t) = zero, in this condition the mechanical work is applied in contradiction of the 

fringing field. So it is observed that there is an increase in deposited electrical energy for 

the purpose that the overlapping of the plate decreases with electric field strength 

increases, thus the energy density which is entirely proportional to the square of field 

strength rises more rapidly than its volume gradually decreases. 

When the separation of the plate is raised along the constant overlap, it has been observed 

that the electric field strength decreases, initiating charge as a current i(t) to be driven off 

the plates towards an external circuit. And if the plates are stimulated with stable 

separation and altering overlap, so in this condition the field strength always remains 

constant however current is being compelled to drive into the source because it has been 

observed that the field volume reduces. In above discussed cases, it can be seen that the 

mechanical work is transformed into surplus potential energy in the voltage source. Fixed 

voltage operation is shown in figure 2.11(b) 

Since the electric charge equivalents the capacitance times the voltage in both cases (Q = 

CV), and deposited energy 
1

2
𝐶𝑉2 is, the electrostatic force is equivalent to the half the 

voltage squared times the rate of change of capacitance. 
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𝐹 =
1

2
𝑉2 𝑑𝐶

𝑑𝑍⁄      (1) 

Therefore a stable force is attained for regular motion in the stationary charge mode and 

for lateral motion in the constant potential mode. Due to some practical restrictions, such 

as non-ideal potential sources for constant voltage and nonzero conductance for fixed 

charge, so that the actual electrostatic transducers function somewhere among these two 

extremes, and these both categories have been clarified in the literature for employments 

of energy scavenging microgenerators. 

A basic restriction regarding electrostatic transducers is that they require a precharge 

voltage to activate properly. This issue can be properly handled by use of an electrets, a 

permanent charge is buried in a dielectric layer. While the damping force totally relied on 

the primary voltage, a dynamic precharge system provides the feasible opportunity of 

dynamically improving the generator to the realistic motion. 

In piezoelectric effect whereby a pressure in a material produces an electric field in such 

kind of material, and when an electric field is applies it generates a mechanical strain 

(Solymar and Walsh, 1993). It has been observed that when an external force is applied 

practically, a portion of the mechanical work done is deposited as an elastic strain energy, 

and some portion in the electric field associated with the induced polarization of the 

material. Whereas if an external conduction track through load is provided, an electric 

current that neutralizes the net charge consequences as shown in figure 2.12. The 

piezoelectric effect arises only in nonconductive materials. Piezoelectric materials can be 

allocated in two main categories such as crystals and ceramics. The most well-known and 

commonly available piezoelectric material is quartz (SiO2) and lead zirconate titanate 

(PZT).  Such type of materials do not endure generally high strain levels. The simple and 

ordinary geometry is to relate the piezoelectric as a thin layer of film on a cantilever beam 

structure and the proof mass is suspended. 

 

 

Figure 2.12 Principle operation of the piezoelectric transducer 

Even though the three transduction techniques above dominate the literature on energy 

harvesting or scavenging, further methods are also possible, such as the magnetostrictive 

effect (Wang and Yuan, 2008). 

2.3.3 Performance Limits 

Several approximations of the power or energy accessible from motion energy 

scavenging, both analytical and empirical, have been described. (Niu et al., 2004) reported 
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a comprehensive and practical research of biomechanical energy scavenging. They 

proposed in their research that approximately 1W is obtainable from the rear foot strike 

of a human motion, and that a earlier assessment by (Starner, 1996) was precise confident. 

The twisting of the knee throughout walking is recognized as one of the more favorable 

and advantageous circumstances to produce the energy from the motion of the body, for 

the intention that the in human body leg muscles exert a force in contradiction of the 

motion of the leg and in this time energy is transformed into extra wasted heat. Researcher 

approximate that approximately 50W could be scavenged this way, even though a huge 

and well equipped system rather than needed with approximately well separated 

measurement points. 

(Von Bu¨ren et al., 2003) reported the existing energy from a particular employment of a 

microgenerator driven by motion of human walking. The data were accumulated from 

human male walking or running on an exercise machine commonly known as trade mill 

machine and delivered into a time-domain model of the device in order to establish and 

maintain the existing power or energy. Here Researcher taken a proof mass of 1gram and 

an obtainable total internal displacement of 5mm, and the power outputs which is 

approximately 200μW were computed. The assessment of kinetic energy harvesting or 

scavenging is based on acceleration measurements at 9 different points of the human body 

whereas the test subject is walking at regular speed (4km/h) on a treadmill. The locations 

of the different measurement points are shown in figure 2.13. 

 

 

Figure 2.13 Locations of measurement points 

For one measurement the sensor modules were positioned at three (out of a nine) points 

on the human body as shown in figure 2.13. Then the test subject was requested to walk 

normally on the treadmill for sixty seconds. The period of sixty seconds was preferred as 

a trade-off between resolution in the frequency domain and measurement effort. The 

treadmill was running at constant speed (4km/h). Every measurement was carried out 3 

times. The method was then replicated for the remaining measurement points. During 

http://thesaurus.com/browse/assessment
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these experiments the test subjects were wearing common walking shoes. A 2nd round of 

experiments was completed for measurement points (7-9) with the test subjects walking 

barefoot. 

Analytic expressions can be optimized for accessible power in the inertial device by 

estimating harmonic source motion, by considering the amplitude Y0 and frequency ω for 

which the extreme source acceleration is calculated by the formula amax = ω2Y0. Here the 

most promising thing is the elementary factors actuating a device output proficiencies are 

its proof mass (m), the extreme internal displacement (Zl) and its resonant frequency (ωn). 

From fundamental contemplations, the maximum power for any energy scavenger can be 

obtained easily guided by harmonic motion. (f (�̇�) which is a damping force by which the 

power is obtained need not to be increased the inertial force on the proof mass, (mamax); 

else it already been realized that there will be negligible internal motion. Here it would 

be consumed that power is extracted in both directions, an overall energy for each cycle 

can be obtained of 4Zlmamax = 4Zlmω2Y0. To convert this to power is simply dividing by 

the excitation period 
2𝜋

𝜔
 giving:  

 

Pmax =
2

π
Y0Zlω

3m      (2) 

 

If we impose some constraint as in a linear resonant device, proof mass motion should be 

harmonic, then the extreme power to some extent fewer than this, in this condition the 

acceleration is not a maximum for the entire travel, and it has been observed that the 

transduction force obligatory be decreased consequently. But, on the basis of elementary 

contemplations equation (2) does deliver, an average power upper bound of an inertial 

power scavenger of any construction, transduction process, or functioning mode. It is also 

observable that it precisely explains the extremely strong significant dependence on 

frequency and linearly dependent on mass on travel range and, signifying the acute test 

of attaining convenient and suitable energy levels in the low frequency surroundings of 

most particularly human body motion. 

As mass is relative to volume and extreme displacement to linear dimension, so this 

extreme energy measures corresponding to a linear measurement to the fourth power, or 

can be shown as volume4/3. Therefore it is concluded that power density decreases as 

device dimension reduces, clearly an inappropriate objectionable characteristic for 

construction of smaller mechanical, optical and electronic products and devices. In figure 

2.14, it is easily observable the highest or maximum power in contradiction of dimension 

is projected for frequencies of 1 and 10Hz, as practical and applied restrictions for the 

elementary part of human body motion.  
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Figure 2.14 Determined power for driven scavengers as a size function, for 

particular frequencies as indicated, and dimension and power utilization of some 

useful potential applications 

The values are calculated from equation (2), considering a cubic equipment having a 

proof mass of density (20g/cc) assuming half allowing its movement and the volume is 

the other half. Its already discussed in (Yeatman et al., 2007), the variation of power 

density considerably with systems size and its geometry. The source acceleration 

magnitude (ω2Y0) is constant at 1g (10m/s2), showing quite energetic and powerful motion 

(e.g., 25cm displacement amplitude at frequency 1Hz). Concluded this scheme of 

scavenger energy, the power consumption as well as estimated size is drawn for 4 realistic 

and feasible body-powered applications. The wrist watch of a limited size consuming a 

few microwatt (μW) power is modestly within the feasible and practical range, as is a 

mote of (0.5cc) and (10μW), but as it has been observed that notebook and mobile cells 

both need bulky and large volume harvesters, all these devices working ideally and 

perfectly under fixed excitation. It can be compared that, a lithium-ion battery having a 

density (1kJ/cc) will approximately generate a normal power of (30mW/cc) and 

(30μW/cc) for charging of 10 hours and 1 year, respectively. 

(Mitcheson et al., 2004) reported a comprehensive and wide ranging analytical structure 

for inertial energy scavengers. This study allows various designs to be evaluated and 

developed the achievable power intensities and the dependency on both device and source 

features. Essential constraints are also inspected. It has been keenly observed that for 

idealized cases of structural design considered, best promising output power can 

constantly be obtained as a function of 2 dimensionless factors (Zl/Y0) and (ω/ωn) and it 

would be standardized to a specific power (𝑌0
2𝜔3𝑚). 

2.4 Reported Applications of Motion-Energy Harvesters 

Plenty of researchers and scientists are presently involved in the field energy harvesting, 

and an advance and comprehensive appliances and applications have been articled. 

Extensive reviews of energy harvesters also have been published (Beeby et al., 2006). 

Here are some of the leading technological innovative research and developments trends, 

for each of the (MEMS) based device descriptions. 

2.4.1 Applications of Direct Force Generators 

Considerably limited research has been reported and published on direct force generators 

as compared to the inertial type generators, perhaps due to the confined and limited 

application set-up mainly for different kind of miniature devices or generators. The 1st 
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research came into sight in the patent literature. (Enger, 1979) reported a health-

examining arrangement actuated by a piezoelectric bimorph, which was able to be 

mobilized by the movement of contiguous body tissue. This miniature device comprises 

a radio frequency (RF) transmitter, which would activate frequently, and it is totally 

dependent upon the rate of power production. 

The 1st  published research in the  literature related to direct-force microgenerators is by 

(Umeda et al., 1996). These researchers reported that moveable electronic device or 

system is frequently manipulated and operated to mechanical shock in the meanwhile 

transportation and scrutinize production from that shock by means of a piezoelectric 

beam, fixed at both ends, when a ball of steel made is dropped onto it. (Gonzalez et al., 

2002) reported the complications of empowering moveable miniaturized devices such as 

(mp3 player, laptop) and recommend that normal average power of 18mW–110mW is 

essential to operate these types of miniature devices. The authors proposed that when this 

type of miniaturized semiconductor devices when reduce in size, the energy demands to 

execute a certain task of scale as the linear dimension cubed because of a linear reduces 

supply voltage and size. However, it has been observed that when the voltage electrical 

circuit decreases than the devices demand particularly decreased threshold voltages, 

therefore increases the static power dissipation, and some particular operations (such as 

displays) have confined capacity for dimension degradation. The authors clearly 

concluded and noticed that approximately 1.2W might be scavenged from human 

walking, and that 78mW could be scavenged from the chest expansion by means of 

breathing. (Kymissis et al., 1998) examined energy-scavenging from athletic running 

slippers as enhancing the technique of scavenging power for advance and effective 

fashion electronics involve some sensing devices. The authors examined different kinds 

of generators first a piezoelectric flapper or bender positioned in the shoes sole, which 

stretches throughout the human motion; as further step unimorph is stacked to a rounded 

and smooth steel plate, which stretches when the stress of a rear foot hit to the ground 

(heel strike), which is illustrated in Figure 2.15. It has been observed that the 

electromagnetic generator rotates in the heel, functioned through a bar or lever which is 

pushed on with force as the heel hits down the ground. Piezoelectric sole and heel 

generators produce approximately 2mW and 8mW, respectively, and the electromagnetic 

generator is capable of harvesting power around 250mW. The scavenged power is used 

to supply a radio-frequency identification (RFID). It is realized that the electromagnetic 

generator was adequate and suitable of two to three times more power scavenge as 

compared to piezoelectric ones. The authors proposed that the piezoelectric results are 

precise, accurate, and with the decreasing energy utilization of miniaturized devices, so 

that their power output will be adequate.  

 

http://thesaurus.com/browse/scrutinize
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Figure 2.15 Energy harvesting shoe 

(Kim et al., 2004a) proposed to generate electricity from the vibration of a car engine by 

using the piezoelectric cymbal transducer. According to the author a bell-shaped device 

was preferred as this arrangement is highly capable of transmitting stress or tension 

through the material. In this proposed method transducer should be positioned in-between 

the engine mounting and engine, as a result the suitable amount of stress is precisely strike 

to it, and consequently, the existing power is computed via open circuit voltage and 

effective capacitance of the piezoelectric element. Proposed constructed device was 

testified on a griper, so the competence of the overall system was calculated to be 7.5%, 

while the precision method used for computing the input of mechanical energy to the 

system is unreliable, after that the whole device was then coupled to a full wave rectifier, 

buck converter and smoothing capacitor, providing an extreme output around 30mW. The 

main objective of this particular application is charging the battery of the automobile, for 

which the power levels and device size will essential to be higher. 

 (Lu et al., 2004) proposed analysis and modeling of a piezoelectric generator which is 

attractive for (MEMS) applications, particularly effective for remote system monitoring. 

The d31 piezoelectric coefficient (where the field is perpendicular to the applied force) is 

highly appropriate and practicable to (MEMS) and (NEMS) applications as compare to 

the d33 coefficient because it has been  approved that the piezoelectric material to be 

stressed on a twisting cantilever. That approach of process has been extensively 

appreciated.  

(Ramsay and Clark, 2001) proposed force-driven piezoelectric generators for the different 

medical applications while medical innovation and novelty demands new capabilities of 

advancement from electronics. They determined the input energy for the generator in the 

form of adjustable pressure in a blood vessel. The authors proposed a piezoelectric 

material square sheet of grabbed in an inflexible frame, with applied stress perpendicular 

to the foil surface. It has been found that the produced power amplifies as the thickness 

of the foil is reduced but, considering the particular operating frequency of 1Hz, foil area 

of 1cm2 of piezoelectric material can simply produce power of approximately 1μW. The 

supply might be used to empower the load electronics at precisely low duty cycle. 

(Donelan et al., 2008) proposed the system which has a segments of the top and bottom 

legs, however considerable torques can be generated, and significant output powers 

around 7W for typical human motion are achieved. 
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2.4.2 Applications of Electromagnetic Inertial Generators 

The 1st example of inertial generators using electromagnetic transducers are to be found 

in the literature. Although popular and fashionable automatic or self-winding watches 

which are very common now a days were successfully made by (Alfred and Eugne, 1956), 

the first explanation of an electrically advance operated automatic watch, and having  a 

tiny inertial energy scavenger found in (1989) by(Hayakawa, 1991). This defines the main 

ideas and technology works behind the Seiko Kinetic watch, these wristwatch are now a 

common economical brand. Figure 2.16 illustrates a blasted vision of the Kinetic 

generator.  

 

Figure 2.16  Shattered observation of Seiko Kinetic watches 

An unbalanced inertial mass, spontaneously spinning around a certain point distance from 

its center of mass, is clamped to a permanent magnet electrical generator by means of 

high ratio gears. (Tiemann, 1996) published a most comprehensive research regarding 

inertial generators. He suggests the basic use of comparative motion among coils as well 

as magnets in a mass-spring arrangement to produce electrical energy from vibrational 

motion. 

(Williams and Yates, 1995) presented the 1st  explanation of an inertial microgenerator 

was of an electromagnetic nature guided by embedded in a vibrating medium, and the 

power generation development equation for linear inertial generators, depend on material 

presented by (Thomson, 1993). Elementary and simple awareness are specified into the 

selection of generator scheme constraints, driving the generator at its particular resonant 

frequency, and lowering the effect of damping so that the mass stimulates to the limit of 

its travel, so it is concluded that they both are useful to energy production. It has been 

observed that both the internal travel range and mass must be magnified. Genuinely it is 

known that maximum power is directly proportional to internal travel range and as well 

as mass. Power levels which are from 1 to 100μW are computed for power generators 

through a 15mg mass operating between the range 70Hz and 3.3 kHz. (Shearwood and 

Yates, 1997)  presented the summarized outcomes from a micro engineered inertial power 

generator as shown in Figure 2.17. 
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Figure 2.17  Electromagnetic generator  

The system is quite analogous in architecture to a microphone (acoustic-to-electric 

transducer) and was assembled by designing a planar ring shape coil on the lower side of 

a disk wafer, etching a hole on the top side as well as binding a rare-earth magnet on a 

flexible membrane of mass 2.4mg top of the cavity. Here we obtained an average output 

of 0.33μW from an input vibration of 4.4 kHz. At small input amplitudes the calculated 

power matches with this prototype, but as far as high amplitude inputs is concerned, 

spring stiffness alters the resonant frequency and consequently the overall output is lesser 

than anticipated, emphasizing the possible drawback of narrow bandwidth affiliated with 

consuming resonant arrangements in these architectures. 

(Williams et al., 2001) proposed 1st time, an equivalent circuit of the mass-spring damper 

system is operated to compute a power output equation for the linear inertial generators. 

This fact is known that, the electrical damping for extreme energy production, must be 

impedance associated to the equivalent electronic circuit impedance of any parasitic 

damping, A main benefit of plotting the system mechanics into the electrical domain is 

clarified that it is then comparatively much more simple and clear to compute the 

generator efficiency when loaded with an arbitrary circuit. Therefore 1st time the self-

inductance of the coil is reported. 

(Amirtharajah and Chandrakasan, 1998) have investigated energy scavenging for low 

power applications of signal processing by using electromagnetic micro generators. The 

main objective of that exploration was to understand and optimize a self-powered digital 

signal system having a backup voltage source as well as generator, low-power (DSP), 

plus voltage regulator. The generator is designed from discrete elements, with tightened 

magnet and moveable coil, carrying resonant frequency of 94Hz as well as a proof mass 

of 0.5g. It has been noticed that the output voltage 180mV is significantly low to be 

rectified by means of a diode, and the system demands transformer. The human walking 

motion model has been observed 1st time. Simulations results clearly illustrate that the 

power around 400μW might be produced, while parasitic damping effects are ignored in 
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this simulations. A synchronous dc–dc converter for this system also composed and 

fabricated, by means of discrete passive elements and integrated transistors. 

 (Li et al., 2000) reported a laser micro machined spring electromagnetic generator. The 

proposed machine effected from inadequate output voltage, so by considering a voltage 

quadrupler circuit to attain output voltage approximately 2V. After rectification this 1cm3 

generator produced power 40μW, given input vibration in between 60 and 120Hz, which 

is normally easily run an infrared transmitter. (Ching et al., 2001) also presented the same 

generator, which explains the incorporation of a (FM) transmitter and a microcontroller 

into the self-powered dynamic system. Temperature data transmission has been observed 

with a distance of 25m. 

(El-hami et al., 2000) reported elementary design and structure methodology for 

electromagnetic inertial generator as compare to the former researchers. Generally their 

proposed device works on magnetic which have four poles to provide the two flux paths 

flowing in entirely reverse directions as shown in Figure 2.18. 

 

Figure 2.18 Four-pole electromagnetic generator  

(James et al., 2004) reported electromagnetic harvester powered from their four-pole for 

a condition monitoring system, tuned to resonant frequency of 102 Hz and generating 

constant power of around 2.5mW and a displacement of magnet of 0.4mm. This self-

powered system computes acceleration and transmit the data by using an infrared 

communications link. 

(Torah et al., 2006) developed a cantilever beam device with a millimeter-scale likewise 

using the 4 poles composition as shown in Figure 2.19.  

 

Figure 2.19 Design for the cantilever generator 
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The expected motion source developing large vibration amplitudes is an air compressor 

at 50Hz and 60Hz.Volume of the device is about 150mm3 and output power was measured 

approximately 17.8μW at 89mV, input acceleration 0.6m/s2 and for a frequency of 60Hz.  

(Saha et al., 2006) demonstrated experimentally and simulated a technique of 

optimization of electromagnetic generators. The authors reported a two centimeter-scale 

model generators which is a cantilever beam structure, and were promoted with changing 

parasitic damping. Maximum power transfers for system with powerful parasitic damping 

is exposed to be once the load resistance is approximately equal to the resistance of the 

coil.  

(Rome et al., 2005) reported suspended-load backpack devices comprising spring-

mounted proof masses (weighing 20 to 38 kilograms) through the internal motion damped 

by an ordinary dc generator coupled to the proof mass by using a gear train. Generating 

Output powers around 7.4W. The metabolic cost of this power extraction is smaller than 

would be estimated based on muscle competency, and this is associated to adaptation of 

the gait to increase efficiency. 

(Arnold, 2007) presented a further extensive assessment of small electromagnetic 

generators, that covers inertial and conventional devices and explains significance of 

modern advancement in permanent magnet sciences. 

2.4.3 Applications of Electrostatic Inertial Generators 

(Amirtharajah et al., 2000; Meninger et al., 2001) explored micro electro mechanical 

systems (MEMS) based electrostatic scavengers; they described the 1st electrostatic 

microgenerator performance. The author’s literature acknowledge the generator as well 

as related control circuitry. In this study they compare constant voltage and constant 

charge operation cycles, The proposed device Simulations show that this generator  

harvest power 8.6μW, with around 5.6μW being accessible for driving a load and the 

remaining being used by the control scheme. 

(Meninger et al., 1999) proposed a system to convert a mechanical vibration into electrical 

energy for driving low-power electronic systems. They proposed that the capacitor is a 

(MEMS) combs drive giving an aspect ratio of around 70 with 7μm wide trenches, 500μm 

deep as shown in Figure 2.20.  
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Figure 2.20  Electrostatic generator 

The proposed device would function in constant gap mode by means of sliding combs, 

which is customary to a variable-gap parallel-plate capacitor 

in consequence of the fact that the linear adjustment in capacitance with displacement for 

the antecedent, making control timing not as much critical as compare with the nonlinear 

capacitance variation of the latter. However, interest later stimulated to a parallel plate 

device with variable gap because of comb drive fabrication difficulties. 

 (Miranda, 2004) Further investigate Charge-Voltage cycles, where efforts are now 

converged on a constant charge cycle and promote power electronics for implementing 

that cycle, since the electrical circuits are presumed to be simpler to apply for this case. 

No test outcomes are demonstrated for the (MEMS) fabricated device.  

(Roundy et al., 2002) reported a major new research effort on inertial microgenerators. 

The authors explain the optimization, design, and fabrication of a comb-drive inertial 

generator. Roundy explains three diverse topologies for electrostatic generators: out-of-

plane gap closing, in-plane gap closing, and in-plane overlap. Expressions for parasitic 

air damping are specified, and it is stated that when functioning in air, the out-of-plane 

gap closing generator will experience particularly imperfectly from fluid damping. This 

conclusion is based on the hypothesis that a very small gap should be achieved to generate 

high power density. Even though this is not an elementary requirement, it is likely to be 

a convenient one, both to avoid excessive priming voltages and to overcome parasitic 

capacitances. A (SEM) image of the device is illustrated in Figure 2.21. 
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Figure 2.21  (SEM) of a corner of an in-plane gap closing prototype device 

(Roundy et al., 2003c) presented the test results for an energy harvester. Diode-attached 

unpackaged junction field-effect transistors were connected to the (MEMS) die via fluidic 

self-assembly. 

The combs of the power generator could be driven back and forth, by using an integrated 

thermal actuator and the fundamental operation of the electrostatic converter was 

validated. It was observed that a parasitic capacitance of 4.3pF influenced the operation, 

for a lowest inherent capacitance of just only 1.2pF. Roundy manipulates that the device 

produces 1.4nJ for each cycle when precharged to 5V (equivalent to an input electrical 

energy of 0.15nJ for each cycle). This is the first detail of a MEMS-based electrostatic 

generator that comprises integrated electronics. 

(Streken et al., 2004) modified design is reported where only one variable capacitor is 

utilized that has been optimized towards power energy generation. The authors have 

reported results from a working prototype device proficient of generating 5nW, 3 mm/s 

vibration from a 500Hz (Sterken et al., 2007). 

An additional example of an electrostatic device using an electret is reported by (Mizuno 

and Chetwynd, 2003) together with their electromagnetic generator. The device utilizes 

an electret with variable air gap and under testing generated a 16mV output when 

accelerated at the resonant frequency of 743Hz, likewise input amplitude of 0.64μm. The 

authors did not give the power output figure, but they do state that the source impedance 

will be large whereas the capacitance of the electret is very small. The authors recommend 

using numerous generators in parallel but conclude that the output power of their device 

is probable to be too small to be practical and useful. 

(Miao et al., 2006) has been presented a working Coulomb force parametric generator. 

This device was fabricated by means of a three-wafer construction, as shown in Figure 

2.22. 
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Figure 2.22  Exploded view of parametric generator construction 

 The middle wafer contains a silicon proof mass, constituting one plate of the variable 

capacitor, in addition to a silicon frame and polyimide suspension metalized used for 

electrical contact. Polyimide is selected to give a very small suspension rigidity to avoid 

resonant impacts. The bottom wafer is glass to reduce parasitic capacitance. Charging and 

discharging are via studs with which the actuating mass assembles contact at the ends of 

its travel, resulting in self synchronous procedure. Figure 2.23 shows the comprehensive 

device, and functional waveforms are shown in Figure 2.24.  

 

 

Figure 2.23  Prototype parametric generator  

 



32 

 

Figure 2.24 Parametric generator operational phases: Prime, wait, flight and 

conversion  

The calculated output energy was 120nJ for each cycle at 30Hz, along with source 

acceleration of 10m/s2. Nevertheless, the power attained remains considerably below 

theoretically attainable values. The authors consider a significant limitation is the motion 

of the proof mass in redundant degrees of freedom, in specific tilting. 

(Khbeis et al., 2006) proposed a hybrid, low intensity, low frequency vibration energy 

harvester that couples electrostatic and piezoelectric transduction mechanisms. It is an 

electrostatic oscillator hanged by piezoelectric springs, as shown in Figure 2.25. 

 

Figure 2.25 Concept drawing of HALF-LIVES device structure (a) Top view (b) 

Schematic cross section view  

The voltage established by spring extension is used to prime the electrostatic transduction. 

The piezoelectric springs also supply control signals for charging and discharging cycles. 

A block diagram of the hybrid scavenger system is shown in Figure 2.26. 
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Figure 2.26 Hybrid scavenger system diagram  

 (Despesse et al., 2005) Describe an electrostatic microgenerator along with 100Hz 

bandwidth to scavenge energy over a broader spectrum of vibrations. By using an in-

plane gap-closing charge-constrained mode, large electrical damping can be attained. A 

fabricated macro scale bulk tungsten design, with a volume of 18cm3, carried 1.76mW at 

resonant frequency of 50Hz and 1g acceleration, with a proof mass of 104g. A fly back 

power converter is recommended on behalf of charging and discharging the variable 

capacitor. 

2.4.4 Applications of Piezoelectric Inertial Generators 

The first example of reported piezoelectric microgenerators appears in the patent 

literature. (Snyder, 1983; synder, 1985) Describes the use of a piezoelectric generator 

entrenched in the car wheel to power a tire pressure sensor. The piezoelectric generator 

would be powered via wheel vibration during driving, and irregular tire pressure might 

be reported to the driver by means of a low-power radio link. Tire pressure monitors have 

been demanded on every latest car in the USA since September 2007, and as a result this 

application area is getting much interest (Bush, 2005). 

(Segal and Bransky, 1997) describe a new application for a piezoelectric inertial 

generator, and this is the first specific presented in the research literature. The authors 

propose using a (PZT) ceramic disk to power the guidance system during the in-barrel 

accelerations of projectiles of a projectile; even though batteries are well appropriated to 

the short operational life in this application, energy scavenging would avoid the 

complication of battery discharge during extensive storage times. 

(Elvin et al., 2001) discussed and focused theoretical and experimental analysis of a self-

powered strain energy sensor for applications in structural and human health supervision. 

A piezoelectric material bended by a sinusoidal force charges a reservoir capacitor via 

half bridge rectifier, and a Radio Frequency (RF) transmitter connected to the reservoir 

broadcasts a signal every time the voltage arrives a threshold. Subsequently, the time 

between transmissions reduces as the piezoelectric is subject to advanced forces and 

higher frequency deflections, with the intention that the time between transmissions 

supplies a measurement of strain. 

(Sodano et al., 2004)Focused upon formerly published models to derive a model of a 

piezoelectric cantilever which is excited by a sinusoidal acceleration at the clamped end.  

(Xu et al., 2003)Describe numerical simulation of a piezoelectric material. The system is 

explained by a parallel conductance and capacitance. This model is in a condition that is 

implementable as a novel device level model in SPICE. 

In addition to the work reported above on power electromagnetic generators, piezoelectric 

(PZT) devices have also been described by the University of Southampton(Glynne-Jones 
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et al., 2001). Reported applications are replace a missing biological structure, support a 

damaged biological structure and structural monitoring. The authors cite the model of 

(Williams and Yates, 1995) as an appropriate approximation but declare that hysteretic 

(or rate-independent) damping is a further appropriate model for piezoelectric devices. In 

order to simplicity the modeling, the piezoelectric beam was wedge (active twin of the 

inclined plane) shaped in sequence that, for a deflection of the beam by means of a force 

applied at the tip; the stress all over the piezoelectric material is constant. The 

complications of fabrication with piezoelectric materials are detailed. The device was 

examined on a shaker table. The resonant frequency was calculated as 80.1Hz and the 

beam motion amplitude was measured as 0.8mm. The prototype traced power output was 

1.5μW. 

Some of the most convincing contributions by (Roundy et al., 2003c) to the field of energy 

scavenging are in the area of piezoelectric devices. They mention the advantages that the 

highest energy density of piezoelectric material is maximum than that of either electric or 

magnetic fields in air, and that a piezoelectric generator does not demand an initial charge 

source as do electrostatic transducers. 

(Roundy and Wright, 2004) reported a detailed model of a vibration-driven piezoelectric 

generator. By computing an efficient moment of inertia for their composite beam, they 

derive a relationship between the input acceleration and displacement of the tip of the 

cantilever. This is totally dependent upon the stress of the beam, which itself depends 

upon the electric field in the piezoelectric layer. A power output equation as a function of 

the mechanical excitation of the beam is then attained. The power output is first 

established for an optimal resistive load; these equations are then reformed to show 

performance when a smoothing capacitor and full bridge rectifier are attached as a first 

stage of power processing. 

(Roundy et al., 2003a) describe the realization of a (RF) transmit beacon powered by both 

a solar cell and vibrational energy sources. Here maximum power of 375μW was 

generated with driving vibration of 2.25m/s2 at 60Hz, corresponding to displacement 

amplitude of 16μm. Once the generator drives a capacitive load via a bridge rectifier, the 

power reduces by 50%. The radio can be activated at a duty-cycle of 11% when 

enlightened in high indoor lighting conditions; when powered from vibration alone the 

duty-cycle is around 2%.  

(Roundy et al., 2005a) discussed ideas for developing the power density of piezoelectric 

generators, focusing on three main methods: using multi-mass-spring systems to enhance 

the bandwidth, employing an actuator for adjusting the resonant frequency; and changing 

the geometry and structure of the beam to minimize parasitic damping and enhance 

robustness. The authors also conclude that maximum efficiencies could be attained 

through better integration of the power electronics and mechanical generator. 

(Hammond et al., 2005) described an operational self-powered TinyTemp node, 20cm3 

in volume Figure 2.27.  
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Figure 2.27 (a) Piezoelectric generator (b) Operational self-powered sensor node  

This device model was designed, in cooperation with the California Energy Commission, 

to assist fine-grained temperature control to enhance personal comfort and energy 

competence. The difficulty of using piezoelectric materials with typical (MEMS) and 

complementary metal–oxide–semiconductor (CMOS) processing proficiency is 

described, along with a novel process from Motorola that considerably improves process 

compatibility. Fabrication and Design of thin-film piezoelectric unimorph is explained by 

(Reilly and Wright, 2006). A cantilever beam of an area (800×800μm2) with an inertial 

proof mass of 24.7pg on the beam tip established 5mV and 24.5pW. The primary 

prototype power density was 13μW/cm3.  

Energy conversion competence for rectified piezoelectric power scavengers has been 

studied by (Shu and Lien, 2006). The associations among energy efficiency, ac-dc power 

output and electrically induced damping are demonstrated explicitly. It is explained that 

the optimization criteria rely upon the coupling strength. (Anton and Sodano, 2007) 

provided a comprehensive review of modern advancement of piezoelectric power 

harvesting research. 

 

2.5 Nanogenerators and Self-powered Nano-wire devices 

The scavenging of mechanical energy from its surrounding could power the electrical 

devices without the help for batteries. Nevertheless, although the strength and efficiency 

of scavenging or harvesting materials such as piezoelectric nano-wires have gradually 

improved,   the power and voltage produced by a distinct nano-wire are insufficient and 

inadequate for actual devices. The integration of large quantity of nano-wires energy 

scavengers into a single power source is therefore, essential requiring synchronization of 

nano-wires as well as configuration of their charging and discharging process. 

(Xu et al., 2010c) demonstrated the lateral and vertical integration of Zinc Oxide (ZnO) 

nanowires into arrays that are proficient of producing enough power to operate actual 

devices. A lateral combination of 700 rows of (ZnO) nanowires generates a peak voltage 
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(1.26V) at a low strain of (0.19%), which is extremely adequate to recharge an (AA) 

battery. In a split device, a vertical combination of three layers of (ZnO) nanowires arrays 

generates a peak power density of 2.7mW/cm3. They use the vertically integrated 

nanogenerator to empower a nanowire UV sensor and a nanowire Ph sensor, therefore 

demonstrating a adaptive self-powered system composed exclusively a nanowires. 

(Cha et al., 2011) proposed nanoporous arrays of polyvinylidene fluoride (PVDF) 

fabricated by lithography process. To make the nanoporous structure two types of 

templates were used. (Si) pillars were fabricated by a usual semiconductor method, photo 

lithography, and dry etching. The other template contains vertically aligned, 

hydrothermally synthesized (ZnO) nanowires on (Si) substrate. The nanowires were 

synthesized by a hydrothermal method. They demonstrated that (PVDF) nanogenerators 

produced the power density of 0.17mW/cm3 and the piezoelectric current enhanced to be 

5.2 times those from large (PVDF) film nanogenerators. 

(Hu et al., 2011a) proposed a nanogenerator which was integrated onto the internal 

surface of a tire, demonstrating the feasibility for energy scavenging from the movement 

of automobiles. The efficient working region of the nanogenerator was about 1.5cm × 

0.5cm and the maximum output power density exceeded 70μWcm–3. Tires are 

compressed throughout their rotations. The shape transform rate of the tires at the position 

somewhere they contact or discontact the road surface is exceptionally large and can be 

considered as an excellent mechanical trigger to rapidly establish and reestablish a 

bending as shown in Figure 2.28(a). 

 

Figure 2.28 (a) Shape transformation of the bicycle tire during the automobile 

movement (b) A tire was trapped between two moveable board to simulate the 

tire’s bending at the position where touching or detouching the road surface takes 

place (c) Design map of the nanogenerators construction, which is a cantilever 

arrangement with 5 layers (d) A figure illustrating that a nanogenerator is 

attached on the internal surface of a tire 

Figure 2.28(b) illustrating the experimental arrangement that tire was trapped between 

two moveable rigid boards. The tire was squeezed and released periodically to simulate 

the tire’s bending at the position where touching or detouching the road surface takes 

place. The nanogenerator used in a bicycle tire was designed with a free-cantilever beam 

arrangement with 5 layers as shown in figure 2.28(c). The nanogenerator consist of an 

elastic polyester substrate, (ZnO) nanowire textured films on its upper and lower surfaces, 

and electrodes on the surfaces. Figure 2.28(d) showing that a nanogenerator is attached 

tightly on the internal surface of the bicycle tire with adhesive tape. Because of the fine 

flexibility, the nanogenerator adhered firmly to the inner surface of the tire on its upper 

and lower surfaces. 
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(Hu et al., 2011b) proposed the 1st self-powered arrangement driven by a nanogenerator 

that runs wirelessly for long distance data transmission. The nanogenerator was made of 

a free cantilever beam arrangement that comprised of a 5 layer structure: a elastic polymer 

substrate, (ZnO) nanowire textured films on its upper and lower surfaces, and electrodes 

on the surfaces. While it was strained to 0.12% at a strain rate of 3.56% S-1, the calculated 

output voltage exceeded 10V, and the output current reached 0.6μA and the power density 

10mW/cm3. An integrated self-powered scheme can be simply illustrate in Figure 2.29(a). 

 

Figure 2.29 Sketch map of the integrated self-powered system. (a) An integrated 

arrangement can be separated into 5 modules: energy scavenger, power storage, 

sensors, data processor and controller, and data transmitter and receiver. (b) The 

model of a self-powered system by using a nanogenerator as the energy scavenger 

The main power source in this arrangement comprises the energy scavenging and storage 

component. The scavenger harvests some kind of energy i.e solar, thermal, mechanical, 

and chemical from the surroundings and stores it in the power storage module hence the 

stored power is used to run the further parts of the system. The sensors identify the 

changes in the surroundings, whereas the data processor and controller explore the 

information. Subsequently, the data transmitter is sent the signal, and at the same time the 

response is received. The self-powered arrangement that is made of an nanogenerator for 

scavenging mechanical energy, a low loss full-wave bridge rectifier, , a capacitor using 

for store the energy, an infrared photodetector, and a wireless data transmitter as shown 

in Figure 2.29(b). The promising result of this system is the 1st proof of utilizing a 

nanogenerator for a self-powered wireless sensor networks. 

(Yu et al., 2011) proposed a method to assemble a vertically integrated nanogenerator 

(VING) based on (ZnO) nanowire arrays. The (VING) consists of 9 single nanogenerators 
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associated mixed parallel and series layer-by-layer stacking. For the single layer 

nanogenerator, the peak output voltage reached 0.045V and output current exceeded 

205nA. The (VING) generates an output power density of 2.8nWcm-2 with a peak output 

voltage of ≈0.15V and output current of ≈7.2nA. The vertical integration of the 

nanogenerator provides a sufficient technique for efficiently converting mechanical 

energies to electricity from surroundings. First (ZnO) nanowires directly grown on50nm 

gold coated (Si) substrate, the precursor solution containing 25mM zinc nitrate 

hexahydrate (Zn(NO3)2 ⋅ 6H2O) and 25mM hexamethylenetetramine (C6H12N4) at 90°C 

for 4 hours. Figure 2.30(a) showing a typical (SEM) image of the morphology of the 

(ZnO) nanowires. 

 

Figure 2.30 (a) Grown (ZnO) nanowire arrays (b) (ZnO) nanowires after oxygen-

plasma etching following a spin coating with (PMMA) (c) Schematic image of an 

individual nanogenerator and  its symbol. (d) Schematic diagram of 3-

dimensionally integrated nanogenerator 

To enhance the mechanical performance between the nanowires and the substrate and 

avoid short-circuiting in between the upper electrode and the lower electrode, a 3μm thick 

layer of polymethyl-methacrylate (PMMA) was spin coated on the silicon (Si) template 

with the vertical (ZnO) nanowires. After exposing the tips of the (ZnO) nanowires, 

oxygen plasma etching was applied to the template for 80s to eliminate (PMMA) a little 

as illustrate in Figure 2.30(b). Finally, the upper electrode, a piece of polyethylene 

terephthalate (PET) covered with 10nm titanium layer and a 100nm gold layer was 

deposited on top of the tips of the (ZnO) nanowires. When a force was applied, the (PET) 

with metal and zinc oxide nanorods was compressed. In this situation, a good connection 

between the electrode and nanorods can be attained. Figure 2.30(c) illustrates a schematic 

diagram and photo of an individual nanogenerator. Considering an individual 

nanogenerator as a layer, a multilayered nanogenerator can be integrated by assembling 

multiple layers of these structures layer-by-layer as illustrate in Figure. 2.30(d). The 

actual size of the nanogenerator was around 38mm2. Electricity output reading was taken 

out in a Faraday cage by a linear motor stimulator to apply on (ZnO) nanogenerator to 

produce the mechanical strain. The frequency is approximately ≈0.5Hz. 

(Lee et al., 2012b) reported a robust nanogenerator based on cost-effective aluminum (Al) 

electrodes which could allow energy scavenge from the walking motions. (ZnO) 
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nanowire arrays were consistently developed on a large-area (Al) foil surface with the 

size of 5cm × 6cm, which was also used as an electrode. In order to avoid the detachment 

of (ZnO) nanowires from the template at the boundary interface under strain, a micro-

scale irregular surface of the (Al) foil was formed to rise the surface contact area by 

sandblasting prior to the growth of (ZnO) nanowires. Multiple nanogenerators were 

simply incorporated in parallel and serial connections for enhancing the output voltage 

and output current. The determined output voltage from the 3-layer stacked nanogenerator 

with serial connections approached to 0.43V, and the maximum output current density 

from the parallel combination with 3 units of them reached to 54nA/cm2. Moreover, 3-

dimensionally integrated nanogenerator, which was correspondingly composed of 3 units 

in width, length, and height, validated the potential to work as an energy scavenging 

device under the human walking; the highest output voltage approached to 3V and the 

maximum output current exceeded 195nA. This is a significant step towards improvement 

of robust energy scavenging devices for feasible use in an environment where dynamic 

stress/strain is accessible, such as the highways and roads where people cannot simply 

walk but likewise drive their cars. (ZnO) nanowires are developed on the one side of (Al) 

foil only, the opposite side can be used as upper electrode of lower unit, as illustrate in 

Figure 2.31(a). 

 

Figure 2.31 Parallel connection and serial connection incorporated nanogenerator 

device established on aluminum (Al) substrate. (a) Schematic diagram of 

nanogenerator incorporated in parallel connection and serial connection for 

increasing total output current and total output voltage. Nanogenerator 

component in device accordingly used aluminum (Al) template as top and bottom 

electrodes (b) (SEM) illustration of densely grown (ZnO) aligned nanotubes on 

sandblasted aluminum (Al) template (c) Cleared illustration of the nanogenerator 

device incorporated in parallel connection and serial connection 

 

The densely grown (ZnO) nanowires on the sandblasted (Al) surface with micro-

roughness was assured from a field-emission scanning electron microscope (FE-SEM) 

image as shown in Figure 2.31(b). Figure 2.31(c) illustrates an optical image of the 

nanogenerator with twenty seven unit cells in series and parallel integration. The device 
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was intended towards robust nanogenerator capable of scavenging energy from human 

walking. Under the human walking condition, the device demonstrated maximum output 

voltage and current of approximately ≈3.2V and ≈195nA, respectively as shown in 

Figure 2.32(a) and Figure 2.32(b). 

 

Figure 2.32 (a) Total Output voltage (b) Total output current of the proposed 

nanogenerator device during human walking 

(Yang et al., 2012a) demonstrated the 1st application of transforming heat energy into 

electricity by means of pyroelectric (ZnO) nanowire arrays. By using the combination of 

the pyroelectric and semiconducting properties in (ZnO), a polarization electric field and 

charge separation can be generated along the (ZnO) nanowire as a result of the time-

dependent alteration in temperature. The fabricated nanogenerator indicates an extra 

ordinary stability, and the distinctive coefficient of heat flow transformation into 

electricity is approximately 0.05−0.08Vm2/W. The purpose of using pyroelectric 

nanowires for applications of operating nanodevices, space science, temperature imaging, 

X-ray generation and radiation detection. 

The pyroelectric nanogenerator is to use the anisotropic polarization in (ZnO) nanowire 

arrays generated as an effect of time dependent temperature fluctuation to energize 

electron to flow. (ZnO) nanowires were developed on (ITO) template through a solution 

based technique. Figure 2.33(a-b) illustrates that the length and diameter of the nanowires 

were approximately ≈2𝜇m and ≈200nm, respectively. The experimental arrangement is 

schematically illustrated in Figure 2.33(c). An (Ag) film electrode in contact with the top 

side of the (ZnO) nanowire arrays generated a Schottky contact, and the (ITO) electrode 

at the bottom side assisted as a common electrode for linking the (ZnO) nanowire arrays 

with an external circuit. The current-voltage curve in Figure 2.33(d) illustrates that the 

fabricated device displayed a Schottky behavior at the interface between (Ag) and (ZnO). 

To confirm that the electrical signal was obtaining from the nanogenerator, both the 

forward and reversal connections were initiated for characterizing the output current and 

voltage. 
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Figure 2.33 (a) (SEM) image of the (ZnO) nanowires. (b) Tilted cross-sectional 

(SEM) of the (ZnO) nanowires. (c) Schematic diagram illustrating the construction 

of the pyroelectric nanogenerator. (d) I−V characteristics of the nanogenerator 

measured at room temperature, illustrating the existence of a Schottky contact 

between (Ag) and (ZnO) nanowire arrays 

(Lin et al., 2013) proposed transparent flexible nanogenerators by using flexible 

polydimethylsiloxane (PDMS) template for the development of (ZnO) nanowire arrays.  

The fully packaged nanogenerator exhibited excellent transparency with a transmittance 

of 50 to 60% in the apparent range. The total output voltage and current was ≈8V and 

≈0.6mA respectively, corresponding to an output power density of ≈5.3mW/cm3. The 

nanogenerator also exhibited good robustness and could steadily harvest energy from the 

movement of a vehicle. Established on this typical characteristic, validated its application 

as a self-powered reliable sensor for observing vehicle speed and identifying vehicle 

weight. 

The composite construction of the transparent flexible nanogenerator (TFNG) is 

schematically exposed in Figure 2.34(a). First, the (PDMS) template was prepared by the 

gel-casting method. A transparent and flexible substrate with a perfect thickness was 

attained. Closely packed (ZnO) nanowire arrays were consistently developed on the 

(PDMS) template by the wet chemical method, as the core component of the transparent 

flexible nanogenerator. The (SEM) images of the nanowire arrays are displayed in Figure 

2.34(b) (top-view) and Figure 2.34(c) illustrated the cross-sectional view. The diameter 

of the nanowire arrays was approximately 50nm as shown by the inset of extraordinary 

magnification image in Figure 2.34(b), and the length of the nanowire arrays was 

approximately 6µm. It was perceived that the nanowire arrays had a hexagonal cross-

section, and were developed compactly to form a uniform textured film. After that 

polymethyl methacrylate (PMMA) layer was spin-coated on the nanowire arrays as an 

insulation layer. Lastly, transparent (ITO) electrodes were dispersed on the upper and 

lower surfaces of the compound structure. The actual size of the (TFNG) was 1.5cm × 

1cm.  
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Figure 2.34 Construction and working principle of the transparent flexible 

nanogenerator (TFNG): (a) A schematic diagram of the composite structure of the 

(TFNG). (b) The top-view (SEM) image of the grown (ZnO) nanowire arrays. The 

inset is a high magnification image. (c) The cross-sectional (SEM) image of the 

grown (ZnO) nanowire arrays. (d) The working principle of the (TFNG) from 

numerical computation of the piezopotential in the (ZnO) uniform textured film 

When the stretchable nanogenerator device is deformed through an external force, a 

piezoelectric potential will be generated in the (ZnO) uniform textured film. So, a 

potential difference will be produced across the upper and lower electrodes due to induced 

charges, and it will accelerate the electrons rolling in the external load until equilibrium. 

Once the external force is released and the nanogenerator restores to its initial shape, the 

piezopotential disappears and the gathered electrons will drift back in the reverse 

direction. Therefore, an alternating current output signal is estimated from the electrical 

measurement. Here the numerical computation to theoretical assessment the produced 

piezopotential has been used with an applied stress as shown in Figure 2.34(d). 

To investigate the electrical output performance of the nanogenerator, used a linear motor 

to employ a bending stress to the nanogenerator. Since the thickness of the (PDMS) 

template ≈200mm was larger than the length of the nanowire arrays ≈6mm, it could be 

expected that the nano wire arrays only under compressive stress in the twisting process, 

which is compatible with the condition in the numerical computation. Figure 2.35(a) and 

(b) illustrates the measured output performance of the nanogenerator device. With the 

strain of approximately 0.12% at a strain rate of 3.56%s-1, the open-circuit potential 

difference and short-circuit current were computed to be about 8V and approximately 

0.6mA, respectively, having a power density of 5.3mW/cm3. This output is sufficient for 

empowering a miniature electronic devices 
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Figure 2.35 (a) Output voltage (b) output current of the (TFNG) induced by the 

twisting stress of a linear motor. The nanogenerator was strained to 0.12% with a 

strain rate of 3.56%s-1(c) The picture illustrating the experimental setup for 

scavenging energy below the rolling of the automobile tire. The nanogenerator 

device was fixed on the way by implanting it between 2 polystyrene (PS) plates. 

The inset illustrates an output voltage peak induced by the rolling and releasing of 

the automobile tire. (d) The image illustrates the measurement of the stability of 

the (TFNG) determined by automobile tire 

The nanogenerator device is strong enough and has the ability of harvesting energy below 

the rolling of the automobile tires on the road, as illustrated in Figure 2.35(c). The inset 

indicates an enlarged pattern of the output voltage against time curve with respect to the 

loading and unloading process. The output voltage was approximately 10V. The output 

performance of the nanogenerator device under the loading of the automobile wheel was 

moderately stable, as shown by the stability test in Figure 2.35(d). It must be noted that 

the output voltage of the (TFNG) did not exhibit any significant decay even after 

gradually rolling for 1h ≈500 cycles. This research determines the robustness of the 

nanogenerator device. It also endorses the idea that this nanogenerator device could assist 

as a consistent energy scavenger on the road, to harvest the mechanical energy from the 

moving automobile and empower up some miniature electronic devices beside the road. 

(Hu et al., 2012) explored different approaches for enhancing the intrinsic properties of 

(ZnO) in order to attain a high performance. The performance of the nanogenerator was 

improved because of the pretreatment of the zinc oxide nanowires arrays with the oxygen 

plasma and approached 20V, and the maximum output current reached 6μ A, to a power 

density of 0.2Wcm – 3. The nanogenerator is also validated to alter a battery for driving 

an electronic watch. 

 (ZnO) nanowires are unique in their suitability not only for the fabrication of nanosensors 

(Dorfman et al., 2006) (Zang et al., 2007) (Fan et al., 2004; Li et al., 2004), but also for 

scavenging mechanical energy (Wang et al., 2007b; Qin et al., 2008a). One inventive 
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initiative is to use (ZnO) nanowires, alone, to make an integrated nanodevice system 

which is self-driven, having no battery or external power source. The most demanding 

and challenging task in attaining this goal is certainly the creation of an energy-harvesting 

unit which works over a range of frequencies. In earlier work, a (d.c) piezoelectric 

nanogenerator mostly based on vertically aligned (ZnO) nanowire arrays has been 

testified, which relies on a zigzag top electrode. This acts same like an array of atomic 

force microscopy (AFM) tips which force the nanowires to twist in response to the 

external mechanical shaking caused by an ultrasonic wave (Wang et al., 2007b). The 

contact between the nanowires and the top electrode switches instantaneously off and on 

for every cycle of the driving action, and a relative rubbing and sliding between these two 

might result in wearing and increased contact resistance (Liu et al., 2008; Xu et al., 

2008b). The researchers demonstrated innovative and much advanced steps towards 

attaining a high power output, (a.c) nanogenerator based on laterally or vertically aligned 

(ZnO) nanowire arrays in which there are solid contacts between the ends of the 

nanowires and the electrodes. A periodic, uniaxial strain, low frequency is applied to the 

(ZnO) nanowires through an external mechanical action to generate a piezoelectric 

potential along the nanowires, which consequently gives an alternating electrical output. 

2.6 Three-dimensionally integrated (VING) 

The basic key to a self-powered system is the fabrication of a nanogenerator that offers 

high output power and voltage. The fabrication processes for a (VING) are shown in 

Figure 2.36.  

 

Figure 2.36  Stages for construction of (VING) on a (Au) covered silicon wafer and 

(SEM) illustration of well aligned zinc oxide (ZnO) nanorods arrays on template 

(a) Silicon template covered with (Au) layer  (b) Zinc oxide (ZnO) well organized 

nanowire arrays (c) After growing nanowires by moderate low temperature 

hydrothermal decomposition method, (PMMA) layer is effectively applied by spin 

covering protects both the upper and bottom of the well-organized nanowire 
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arrays (d) the tips of the nanowires are shown clearly after oxygen plasma etching 

(e) A platinum-laminated smooth electrode is positioned on upper side of the 

nanowires to maintain a stable Schottky contact (f) When a force is applied at the 

upper electrode the nanowires arrays are entirely compressed (g) 

Crystallographically well organized nanowires producing a piezoelectric potential 

along the c-axis direction of the well-organized nanowires (h) Spin-coating with 

(PMMA) layer (h) Image of the tips of nanowires after oxygen plasma etching 

Vertical (ZnO) nanowires Figure 2.36(g) were brilliantly grown on a gold-covered flat 

surface using a wet chemical method at a temperature below 1000C (Xu et al., 2009). A 

layer of polymethyl-methacrylate (PMMA) was applied by spin-coating onto the 

nanowires to entirely cover them from top to bottom Figure 2.36(c) and (h), basically 

improving the mechanical robustness and stability of the whole structure, and also 

preventing short circuit between the top electrode and the substrate. Oxygen plasma 

etching was basically performed, leaving behind clean and fresh tips on the nanowires 

Figure 2.36 (i), (inset). A part of silicon wafer coated with a 300 nano meter thick 

platinum film was then positioned in direct contact with the nanowires Figure 2.36(e), 

making a Schottky contact at the interface. Measurement was taken in a Faraday cage, 

using a linear motor stimulator to produce the mechanical strain at an impact speed of 

0.1m/s.  

The working principle of the (VING) lies in the coupling of semiconducting and 

piezoelectric properties. In the existing literature it is presented that wurtzite structured 

nanowires grow uniaxially parallel to the c axis (Lee et al., 2008) (Bae et al., 2003) (Liu 

et al., 2005; Jasinski et al., 2008). The crystallographic alignment of the nanowires 

specifies their piezoelectric alignment in response to the external stress. When a nanowire 

experiences uniaxial strain, a separation of the static-ionic-charge centers in the 

tetrahedrally coordinated (Zn–O) units results in a piezoelectric potential gradient along 

the c-axis of the nanowire Figure 2.36(f). Since the c-axes of the nanowires are usually 

aligned parallel to one another, the piezoelectric potentials produced along each nanowire 

have the identical tendency of distribution, leading to an improved macroscopic behavior. 

When a stress is applied, the nanowires experiences uniaxial compression, having a -ve 

piezoelectric potential at the tip Schottky contact side, for example, and a +ve 

piezoelectric potential at the base ohmic contact side. The -ve piezoelectric potential rises 

up the conduction band and the Fermi level at the tip comparative to the bottom electrode 

(Yang et al., 2009a). Electrons will thus flow from the tip to the bottom via the external 

circuit. The Schottky barrier at the tip, nevertheless, hinders the electrons from passing 

through the interface. These electrons are hence blocked and assemble in the region of 

the bottom of the nanowires; as a result elevating the Fermi level at the bottom meanwhile 

the piezoelectric potential is completely ‘screened’ and the Fermi levels of each side attain 

a new equilibrium. During this practice, the electrons flow through the external circuit is 

detected as an electric pulse. While the external force is eliminated and the compressive 

strain is released, the piezoelectric potential within the nanowires diminishes. The 

electrons gathered at the bottom then certainly flow back through the external circuit (if 

leakage is negligible), generating an electric pulse in the reverse direction. The function 

of the Schottky barrier is to stop those mobile charges from passing through the nanowire 

metal contact interface. The piezoelectric potential behaves like a ‘charging pump’ that 

forces the electrons to flow. By the similar token, the same procedure occurs if the 

Schottky barrier is at the bottom or both faces of the nanowires. 

The existence of a Schottky contact at least at one end of the nanowires is necessary for 

the operation of the (VING), as demonstrated in the experiments. 1st, a (VING) by means 
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of ohmic contacts at both ends gave no output signal. 2nd, to eliminate the effect of a 

change in capacitance in the mechanical pressing and releasing procedures which could 

potentially initiate output signals due to an effect from the measurement system, no 

oxygen plasma etching was performed, and the (ZnO) nanowires were insulated from the 

top platinum electrode by the (PMMA) film. The electric signal produced by such a 

device was too undersized to be detected. 3rd, measurements were carried out to eliminate 

electromagnetic interference. They allowed the mechanical arm of the linear motor 

stimulator to vibrate backward and forward to a distance very close to the top surface of 

the packaged (VING), but without creating direct physical contact. The output could not 

be differentiated from the noise. Finally, polarity reversion analysis and linear 

superposition tests additionally showed that the signals were really from the (VING) (Xu 

et al., 2009) (Wang et al., 2007a; Yang et al., 2009b). The output voltage and output 

current could be significantly improved by linearly integrating a number of (VINGs). 

Three (VINGs) by means of individual output voltages of 80, 90 and 96mV, respectively, 

were attached in serial, leading to an output voltage of 0.243V as shown in Figure 2.37(a). 

Similarly, three (VINGs) with individual output current densities of 6.0, 3.9 and 8.9nA 

cm-2, respectively, were joined in parallel, leading to an output current density of 18.0nA 

cm-2 as shown in  Figure 2.37(b).  
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Figure 2.37  (a) Increasing the output voltage of the vertically integrated 

nanogenerators (VINGs) by incorporating them in serial connection. Distinct 

vertically integrated nanogenerators (VING) devices harvest output voltages of 

80mV, 90mV and 96mV respectively. When the 3 vertically integrated 

nanogenerators (VINGs) are linked in series mode, the output voltage rises to 

243mV. (b) Linear superposition of output current when the vertically integrated 

nanogenerators (VINGs) are associated in parallel mode. Distinct vertically 

integrated nanogenerators (VING) proposed devices harvest output current 

densities of 6.0nA cm-2, 3.9nA cm-2 and 8.9nA cm-2 respectively. When the three 

(VINGs) vertically integrated nanogenerators are linked in generally parallel 

mode, the output current density rises to 18.0nA cm-2 (c) Measurement of the 

output voltage as a generalized function of the measurement of the compressive 

pressure at a proposed frequency of 2Hz. The (VING) vertically integrated 

nanogenerators is fabricated using (ZnO) nanowires with a tip diameter of 

approximately 300nm and the length of ≈4μm. The dimension of the (VING) was 

approximately 4mm2. The aggregate number of nanowires developed in the 

nanogenerator was approximately 75,000. As the applied pressure is steadily 

amplified from 0 to 1.25MPa, 2.5MPa, 3.75MPa, 5MPa and then 6.25MPa, the 

output voltage rises practically linearly 

The maximum power density of the (VING) can be determined using the peak values of 

the output current and voltage. By assuming that one-third of the entire nanowires were 

dynamically generating electricity in an absolutely synchronized process, the power 

density was determined to be 2.7mWcm-3, which is 6 to 11 times that produced by a (PZT) 

cantilever (Roundy et al., 2003b). Theoretical computations have confirmed that, within 

the elastic linear mechanics regime, the output voltage of a solitary nanowire is  

proportional to the magnitude of its deformation (Gao and Wang, 2007). The (ZnO) 

nanowires in the (VING) were all tied in parallel between the two electrodes. 

Undoubtedly, when raise the pressing force acting on the nanowires, their deformation 

increases, and the output voltage will linearly expand as shown in Figure 2.37(c). It should 

be noted that a huge fraction of the applied force was consumed in overcoming the 

packaging material elasticity (1–2mm in thickness) around the (VING). The magnitude 

of the output voltage also relied on the straining rate at which the force was applied. The 

output signals of the (VING) were steady and stable over a long period of time. 
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2.7 High-output flexible (LING) 

A solitary nanowire-based nanogenerator on an elastic substrate can be driven by the 

mechanical agitation exist in our living environment (Yang et al., 2009a), involving that 

resulting from animal or human motion (Choi et al., 2009; Yang et al., 2009c). It is 

necessary to improve the output power by integrating involvements from multiple 

nanowires Figure 2.38(a).  

 

 

Figure 2.38 (a) Schematics illustration of (LING) lateral integrated nanogenerator 

arrangement, in which gold (Au) and chromium (Cr) are utilized to generate 

Schottky contacts and ohmic contacts at the two opposite ends of the nanowires, 

respectively (b) Working principle of the (LING) lateral integrated nanogenerators 

when exposed to a mechanical distortion, where the ‘±’ symbols specify the 

polarity of the piezoelectric potential produced in the lateral nanowires. (c) 

Schematics diagram of a (LING) lateral integrated nanogenerators array 

containing several rows of lateral nanowires 

Since the diameter of a nanowire is much smaller as compare to the thickness of the 

substrate film, all the nanowires lying on a substrate are subjected to a tensile strain as 

the substrate is stretched. Each dynamic nanowire behaves like a ‘charging pump’, and is 

autonomous of the other nanowires while the substrate is bent and released (Yang et al., 

2009a). If the charging and discharging practices of several nanowires could be 

synchronized, the output a.c. voltages might be added constructively Figure 2.38(a), 

resulting in an enhanced output voltage. 

Numerous factors have to be carefully considered when integrating the outputs of several 

nanowires. First, there must be a Schottky contact at least at single side of the nanowires 

(Yang et al., 2009a), as shown in Figure 2.38(b). Second, the contacts at the both ends 

must be robust sufficient that the mechanical deformation able to be efficiently 

transmitted from the electrodes to the nanowires. Third, the entire nanowires must have 

the identical crystallographic orientation to assure that the polarities of the produced 

piezoelectric potentials are aligned. The nanowires need to be rationally grown, directly 

on the substrate, rather than as a result of chemical assembly (which typically gives 

orientational alignment but not crystallographic polarity alignment). Lastly, all of the 
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nanowires should be released and stretched in a synchronized manner, thus the 

piezoelectric potentials produced by all of them are in the similar direction and occur at 

the same time as shown in Figure 2.38(c), resulting in a high output voltage. 

The experimental procedures as shown in Figure 2.39 were proposed to fabricate the 

(LING). The primary step was to breed crystallographically aligned nanowires parallel to 

the substrate by means of a chemical approach at below 1000C as shown in  Figure 2.39 

(a),(b) (Qin et al., 2008b). A thick layer of (Au) was then deposited using an aligned mask 

technique to join the tips of the nanowires with the gold electrode Figure 2.39(c) and (d) 

hence the nanowires were robust to mechanical deformation with no being any loose 

contacts Figure 2.39(e) and (f). 

 

 

Figure 2.39  (a) Schematics illustration for the normal progression of nanowire 

arrays aligned parallel to the template surface. (b) (SEM) illustration of a grown 
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(ZnO) nanowire array (c), (d) Microscopic illustrations of (LING) arrangement 

with several rows of nanowire arrays. (e), (f) (SEM) illustrations of a single-row 

(LING) arrangement. (g) Small amplification optical image of the (LING) 

A periodic external force was applied to deform the elastic substrate so that the nanowires 

experienced a cyclic stretching and releasing deformation process. A push to the center 

of the substrate through the linear motor resulted in a tensile strain across the entire rows 

of the nanowires created on top of the substrate Figure2.39(g), generating a macroscopic 

piezoelectric potential ensuing from the crystallographic alignment of the nanowires. In 

the current experiments, the elastic substrate was pressed with a comparatively fast 

straining rate and detained in position for 1s before being released. A period of 2s was 

left before pressing again. 

Combining more (ZnO) nanowires, robusting and improving the interconnection of the 

nanowires and electrodes, and increasing the straining rate are all essential targets for 

getting the high the output current and voltage of the (LING). Figure 2.40 illustrates the 

output current and voltage of a (LING) composed of seven hundred rows of nanowires, 

and each row containing ≈20,000 nanowires. As soon as the substrate was mechanically 

deformed, the (LING) exhibited an average output voltage of approximately1.2V and a 

current pulse of ≈26nA as shown in Figure 2.40(a) and (b) at a straining rate of 2.13% per 

second and strain of 0.19%. 

 

 

Figure 2.40 (a) Open-circuit output voltage, the determined output voltage peak 

extents to 1.26V. The insets are output voltage because of the mechanical 

deformation (b) Corresponding highest output current peak extent to the 28.8nA 
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Note that the magnitudes of the current and voltage peaks of the (LING) were a little 

different in the releasing and stretching stages because of the dissimilar straining rates of 

these two processes. A highest voltage value of 1.26V and highest current value of 28.8nA 

were demonstrated as shown in Figure 2.40(a) and (b). By considering that one-third of 

the nanowires were dynamically contributing to the current output, the average current 

produced by one nanowire can be approximated to be 4.3pA, which is well-suited with 

the ≈10pA attained when a nanowire is triggered by an atomic force microscope (AFM) 

tip (Song et al., 2006). If we exclude the area taken by the electrodes, a peak output power 

density of 70nW cm-2 has been achieved. 

Like the (VING), increasing the strain is an efficient way to reach a high output voltage 

and current (Gao and Wang, 2007). When the output voltage and current from a (LING) 

of 100 rows of nanowires calculated at different strains, both the output voltage and 

current increased with increasing strain. Increasing the straining rate is also efficient in 

raising the output voltage.  

The output voltage has been significantly improved by lateral integration, but the output 

current is relatively limited, which is most likely attributable to the following factors. 

Primary, the orientational alignment of the grown lateral nanowires was not ideal and 

only a fraction of them were making contact with the gold electrode. Among the 

nanowires that were in contact with the gold electrode, only a fraction of them were  

actively outputting electricity, and the remaining inactive nanowires operated as a 

capacitance to minimize the output voltage and current (Liu et al., 2008). Second, the 

bonding between the zinc oxide and gold was not very solid, and may possibly become 

loose for the period of repeated mechanical stretching cycles. Here only applied a 

maximum strain of 0.19% in these experiments, which is smaller than the 6% highest 

tensile strain expected theoretically for a(ZnO) nanowire before fracture (Agrawal et al., 

2009). Finally, the internal resistance of the whole integrated sheet was 1 to 10MV, which 

considerably minimized the total output current. 

2.8 Self-powered Nanosystem 

The (VING) was incorporated with a single nanowire based nanosensor to establish a 

self-powered nanosystem, the two elements being isolated components that were attached 

in series to form a loop. As illustrated in the figure 2.37, a (VING) was attached to a 

(ZnO) nanowire-based pH sensor as shown in figure 2.37(a) (Kang et al., 2005), or UV 

sensor figure 2.37(b) (Zhou et al., 2009), and the voltage across the nanosensor was 

observed by a voltmeter. The pH sensor was coated with a 10nm layer of Si3N4, which 

was thin adequate to allow electrostatic interaction between the carriers and the surface 

adsorbed charges in the nanowire. By powering the pH sensor by means of a (VING) that 

produced an output voltage of 40mV, a clear sensitivity to local pH alters was examined 

as shown in Figure 2.41(a).  
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Figure 2.41  Integration of a (VING) (4mm2 in size) with nanosensors to 

demonstrate the solely nanowire-based ‘self-powered’ nanosystem 

 

While the buffer solution was basic, the nanosensor surface was dominated by –O- groups. 

These negatively charged groups resulted in depletion regions at the n-type (ZnO) 

nanowire surface, which raised the resistance of the nanowire. The voltage drop on the 

nanowire was moderately high. As the buffer solution altered from basic to acidic, the 

groups on the nanosensor surface gradually altered from –O- to –O𝐻2
+ groups. The 

depletion regions at the surface of the nanowire reduced, lowering its resistance. Since 

the pH value of the testing buffer solution was decreasing down from 10.01, 9.18, 7.01, 

6.86, and to 4.01, the voltage drop on the pH sensor altered appropriately Figure 2.41(a). 
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A (VING) was also used to drive the function of a (ZnO) nanowire based UV sensor 

Figure 2.41(b). When there was no UV light, the UV sensor resistance was around 10MV, 

which was of the similar order as the internal resistance of the (VING). The voltage drop 

on the nanosensor was around 25mV, as illustrated in Figure 2.41(b). As soon as the 

nanosensor was illuminated by means of UV light, its resistance dropped to around 500 

kV, which is twenty times lesser in magnitude than the value before illumination. The 

voltage drop on the nanosensor might barely be differentiated from the noise. This 

indicates that a (VING) of 20–40mV be capable of power up a nanosensor. While using 

a variable resistor, the potential difference across the resistor was found to be responsive 

and highly sensitive to the magnitude of its resistance, and the outcome fits well with 

linear circuit theory. 
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CHAPTER 3 

3 METHODOLOGY 

3.1 Molarity 

"Molarity is a measure of concentration of a solute in a solution and is quantified as the 

number of moles of that substance per unit volume of that solution." 

A mole of a substance is its (molecular weight). The molecular weight of Zinc Nitrate Zn 

(NO3)2 is (189.4) and thus 1 mole of Zinc Nitrate Zn (NO3)2 is 189.4 grams. 1 mole of 

any substance contains Avogadro's number (6.023 x 1023) of molecules. The number of 

moles of any quantity of a substance can be calculated as:- 

 

Moles of a Substance = 
Total Mass of a Substance

Gram mole of Substance
 

 

The Molarity Formula is given as:- 

 

Molarity (M) = 
n 

V
 = 

𝑁

𝑁𝐴×𝑉
      (3.1) 

 

Where; 

n = Number of moles of the substance 

V = Volume of the solvent (in L) 

N = Number of molecules of substance 

NA = Avogadro number 

3.2 Materials and chemicals 

3.2.1 Solvents 

The solvents used throughout this dissertation work are:- 

1.  (C2H5OH) Ethanol 

2.  (CH3OH) Methanol 
3. ((CH3)2CHOH) Isopropanol 
4. Deionized (DI) water 

3.2.2 Chemicals 

The chemicals used during the course of the thesis are shown in table 3.1 
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Table 3.1 Chemicals used during the dissertation work 

S.No Chemical 

name 

Formula Mol. Wt. 

(g/mol) 

Basic 

Properties 

Source 

1 Zinc acetate 

dihydrate 

Zn(CH3COO)2.2H2O 219.50 

 

Appearance: 

white solid 

Density: 1.735 

g/cc 

Soluble in: 

water, alcohol 

Merck 

2 Zinc nitrate 

hexahydrate 

Zn(NO3)2.6H2O 297.49 Appearance: 

white solid 

Density: 2.065 

g/cc 

Soluble in: 

water, alcohol 

APS Ajax 

Finechem 

3 Hexamethylene 

tetramine 

C6H12N4 

 

140.186 Appearance: 

white solid 

Density: 1.33 

g/cc 

Soluble in: water 

Carlo Erba 

4 Sodium 

hydroxide 

NaOH 40 Appearance: 

white crystals 

Density: 2.13 

g/cc 

Soluble in: 

water, alcohol 

Merck 

 

3.3 Substrates cleaning  

The substrates Copper (Cu) and Zinc (Zn) which were used in experiments were first 

cleaned in ultrasonic bath with water, Ethanol and acetone to eliminate any basic residues. 

The treated substrates were then impregnated ultrasonically in distilled water and dried 

in an oven at 200℃ for 1 hour. After that the substrates were again treated with 1% 

dodecanethiol solution in ethanol for 2 hours and then heated at 120℃ for 15 minutes 

prior to deposition of chromium (Cr) and gold (Au) layer. 

 

3.4 Deposition of Cr/Au Seed Layer on Copper (Cu) and 

 Zinc (Zn) Substrate via Plasma Sputtering 

To prepare the Cr/Au seed layer, all the regents were analytically uncontaminated and 

used without any further purification. 10nm layer of chromium (Cr) and 30nm dense layer 

of gold (Au) were successively deposited on top of the (Cu) substrate by plasma 

sputtering.  
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Figure 3.1 (a) Substrate seeded with 10nm layer of chromium (Cr) and 30nm dense 

layer of gold 

The SEM images of the substrates seeded with 10nm layer of chromium (Cr) and 30nm 

dense layer of gold as shown in figure 3.1 that the nanorods grown on Cu substrate is not 

so dense and robust to generate the power and it’s also not vertically aligned. 

In the 2nd experiment 5nm layer of chromium (Cr) and 20nm dense layer of gold (Au) 

were successively deposited on top of the (Cu) substrate by plasma sputtering. 

 

Figure 3.2 Substrate seeded with 5nm layer of chromium (Cr) and 20nm dense 

layer of gold 

The SEM images of the substrates seeded with 5nm layer of chromium (Cr) and 20nm 

dense layer of gold as shown in figure 3.2, that the nanorods grown on Cu substrate is 

also not so dense and robust to generate the power and it’s also not vertically aligned 

 

To prepare the Cr/Au seed layer, all the regents were analytically uncontaminated and 

used without any further purification. Then, 20nm layer of chromium (Cr) and 50nm 

dense layer of gold (Au) were successively deposited on top of the (Cu) substrate by 

plasma sputtering. The chromium (Cu) thin layer served as an adhesion layer and the gold 

(Au) dense film was expected as an intermediate layer to assist growth. The chromium 

(Cu) substrate was then annealed at 160∘C for 1 hour to increase the crystallinity of the 

gold (Au) dense film. 

Figure 3.3 (a) shows the schematic diagram of substrate. Figure 3.3 (b) shows the 

schematic diagram of Cr/Au coated substrate and figure 3.3 (c) shows the sputtering 

which occurs in vacuum chamber.  A large piece of the Cr/Au material to be deposited, 

known as a target, is bombarded with high energy argon ions from a glow discharge. 
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When the argon ions strike the target, they knock off target atoms and molecules, which 

are then conveyed through the vacuum to the substrate. Where they condensed and form 

a thin film. 

 

 

 
 

 
 

Figure 3.3 (a) Schematic diagram of substrate. (b) Schematic diagram of cr/Au 

coated substrate. (c) Shows the thin film deposition of (Au) layer Inset: Sputtering, 

where atoms in a target material are emitted into the gas due to irradiated of the 

material by energetiC 
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3.5 Synthesis of (ZnO) Nanorods via Hydrothermal Method 

 

The chromium (Cr) and gold (Au) seeded substrates Copper (Cu) and Zinc (Zn) were 

suspended upside down in sealed chemical bath containing equimolar solution (10mM) 

of zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O) and hexamethylenetetramine (C6H12N4) in 

deionized (DI) water and was then positioned in a hot plate stirrer and heated to 95℃ for 

5 h. Figure 3.4 (a) shows the schematic diagram of the zinc oxide (ZnO) nanorods 

behavior and figure 3.4 (b) and (c) show the schematic diagram of  ZnO nanorods grown 

on Cr/Au  coated substrate and  the (SEM) image of (ZnO) nanorods. 
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Figure 3.4 (a) Schematic diagram of the (ZnO) nanorods growth behavior (b) 

Schematic diagram of (ZnO) nanorods grown on Cr/Au coated substrate (c) shows 

the SEM image of (ZnO) nanorods on Cr/Au coated substrate 

3.6 System Design for the measurement of current and voltage of Nanogenerator 

 

Figure 3.5 Schematic diagram for measurement of current and voltage of 

Nanogenerator 

To investigate their stability over an extended period, we continuously measured their 

output voltage at a frequency of 2 Hz using the serially integrated NG. The NG showed 

good stability of operation also, the output voltage was not significantly affected by an 

increase in the driving frequency from 2 to 5Hz. Since the human walking and movement 

of automobiles are usually occurred at various low-frequencies, these stable results are 

promising for the use in the practical applications as shown in figure 3.5. 

The output signal of the NG was recorded by using a low-noise voltage preamplifier and 

a low-noise voltage current preamplifier. A sine servo controller and a linear power 
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amplifier served to periodically pressing and releasing the NGs at a desired (2Hz) 

frequency. 

 

 

 

3.7 Characterization techniques and measurement tools 

 

The initial step towards being capable to associate the function of certain material in a 

device is to have comprehensive familiarity of the material composition and its 

morphology. Here the characterization techniques used for the structural study of the ZnO 

nanostructure is introduced with some detail of the electrical, electro optical 

measurements of nanogenerators.  

 

3.7.1 Scanning electron microscopy (SEM) 

 

A scanning electron microscope uses an intense-energy beam of electrons to scan 

a substrate surface and images it. The electrons interact with the constituent atoms thus 

generating signals that restrain information about the sample's surface topography and 

composition. Figure 3.6 shows a schematic diagram with various segments labeled and 

typical Scanning Electron Microscope (SEM) instrument. 

 

 

Figure 3.6 Schematic diagram of Scanning Electron Microscope (SEM) with 

various sections labeled and a (SEM) instrument,  (EDS) detector, electronics 

console, sample chamber, electron column and visual display monitor 

. 

 

(SEM) Scanning Electron Microscope is used to examine the morphology and dimensions 

of the zinc oxide (ZnO) nanostructures. For this reason, secondary electron detector is 
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use. Secondary electrons have distinctive energy of 3-5eV, they can only escape, relying 

on the surface density and accelerating voltage of specimen, from nanometers depth of 

materials surface. Secondary electrons are primarily used for the image of roughness and 

surface texture/morphology, as they exactly mark the position of the beam on the surface 

of the sample and provide topographic information with high resolution. 

Scanning Electron Microscope not only provides characterization techniques, this also 

gives us information about crystallinity, morphology and dimensions of the 

nanostructures. 

 

3.7.2 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM), like (SEM), belongs to the group of 

Electron Microscopes. This is a microscopy technique in which an electron beam is 

transmitted via an ultra thin specimen thus interacting with it. This interaction is 

transformed into an image, which is consequently magnified and directly focused onto an 

imaging device. The imaging device can be a fluorescent screen and (CCD) camera. 

Transmission Electron Microscopes are competent of imaging at a extensively higher 

resolution as compared to the optical ones due to the small De-Broglie wavelength of 

electrons. Figure 3.7 shows a schematic diagram with various segments labeled and 

typical Transmission Electron Microscope (TEM) instrument. 

 

 

 

Figure 3.7 Schematic diagram of Transmission Electron Microscope (TEM) with 

various sections labeled and a (TEM) instrument, showing the electronics console, 

sample chamber, electron column and visual display monitor 

 

I have prepared the substrates by dispersing the nanostructure in ethanol and drop casted 

on the copper grid which is comparatively easy method. When the electron beam used in 

the Transmission Electron Microscope (TEM) passes through the sample, the electron 
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beam certainly  interacts with the sample, which causes the electrons to scatter. The  

unscattered electrons that bypass via a certain part of the substrate depends on the 

scattering potential and thickness of that specific part of the sample. These unscattered 

electrons are gathered by a detector and provide the contrast in the image of the sample, 

where the disparity in darkness is determined by the variation in density. Analysing at the 

scattered electrons, diffraction patterns can be attained, which provides information 

related to the crystal structure of the sample.  

3.7.3 X- ray diffraction (XRD) 

X-ray diffraction provides most definitive structural information  to study the crystal 

structure of semiconductors. X-ray diffraction (XRD) gives general information 

regarding composition, quality, orientation, lattice parameters, stress, and strain of 

samples, defects and crystalline phase. Each crystalline solid has distinctive characteristic 

X-ray diffraction pattern, which is classified by this unique ‘‘fingerprint’’. Crystals are 

usually regular arrays of atoms which arranged in a way that a series of parallel planes 

separated from each other by a distance (d). Figure 3.8 shows the schematic diagram of 

detail process of X-ray diffraction. If an X-ray beam having a wavelength strikes the 

substrate with an incident angle then the scattered ray is determined by Bragg’s law: 

 

 
Figure 3.8 Schematic diagram of Bragg's reflection from lattice planes in a 

crystalline structure 

 

 

Nλ = 2dsinθ 

Where; 

(n) is an integer 

 (λ) is the wavelength of the beam 

 (d) is the spacing between incident angle and diffracting planes and is the incident angle 

The crystalline structure of aligned ZnO nanorods in my dissertation was observed using 

(XRD) with CuK𝛼 radiation, 𝜆 = 0.154nm as shown in Figure 3.9. 
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Figure 3.9 (XRD) patterns of (ZnO) nanorods 

(XRD) pattern of (ZnO) nanorods illustrates 6 reflection peaks of hexagonal wurtzite 

structure. These are (100), (002), (101), (102), (110), and (103) at 2𝜃 with corresponding 

angle 31.8∘, 34.4∘, 36.2∘, 47.6∘, 56.6∘, and 63.0∘, respectively. Compared with the other 

peaks, the (002) diffraction peak is much stronger in intensity. That confirms the nanorods 

were aligned in the 𝑐-axis. Hence, they are acceptable in accordance with (JCPDS) card 

no. 36-1451 with lattice constant 𝑎 = 3.24 ˚A and 𝑐 = 5.21 ˚A. The strong intensity and 

narrow full width at half maximum (FWHM) of the (XRD) pattern shows that the (ZnO) 

nanorods synthesized had a good crystalline structure. 
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CHAPTER 4 

4 FABRICATION AND SIMULATION OF PYRAMID SHAPE (ZnO) SOLID 

MICROSTRUCTURES 

This chapter presents the simulation and fabrication of pyramid shape (ZnO) solid 

microstructures for energy harvesting application.  

 

Note: The work presented in this chapter has been published in the article: 

 

Naveed Sheikh, Nitin Afzulpurkar, Muhammad Waseem Ashraf, Shahzadi Tayyaba, 

Pyramid Shape ZnO Solid Microstructures, Science Series Data Report, Vol. 5, No. 7, 

pp. 8-14, 2013. ISI Index Journal 

 

4.1 Introduction 

 

Last few decades the technological innovations have brought a great revolution in the 

field of material science. Various new materials and methods for fabrication of 

micro/nano structures and devices have been reported. Microneedles are one of the 

promising microstructure that has been extensively studied. Use of microneedles for drug 

transport overcomes all these limitations that are associated with conventional 

hypodermic needle due to small needle size and sharper top (Tayyaba et al., 2012). The 

lengths of microneedles for drug delivery should be 50-300µm. Microneedles can be 

classified according to fabrication process, structure, over all shape, tip shape, materials 

and applications. According to the fabrication process, the microneedles can be classified 

in two types like in-plane microneedles and out-of-plane microneedles. In in-plane 

microneedles, the shaft is located in parallel position to the substrate plane. On the other 

hand, in out-of-plane microneedles, the shaft is projected away from the plane of the 

substrate (Tayyaba et al., 2013).Campbell et al. (1991) reported one of the earliest silicon 

based microneedles to make possible the transport of charge into neural tissue. All needles 

were electrically separated from each other with base thickness of 0.09mm and total 

length of 1.5mm. Platinum was used to make coating on the pointed side of the 

microneedles. Thermomigration, micromachining, metal deposition and array 

encapsulation were used to generate the intracortical arrays of electrodes. For wire 

bonding, gold was dropped on the needles as the direct wiring could cause some 

disadvantages. The most significant work on microneedles for tansdermal drug delivery 

applications began in 1998 when (Henry et al., 1998) reported fabrication of 150µm long 

solid silicon microneedle using deep reactive ion etching (DRIE) process. (Liwei and 

Pisano, 1999) used an arrangement of bulk and surface micromachining to develop silicon 

based microneedles. The microneedles were proposed for various medicinal applications 

like drug transport, fluid sampling and chemical investigation. The lengths of the 

microneedles were reported to be 1mm, 3mm and 6mm. The microneedles consisted of 

channels made of silicon nitride with height and width of 9µm and 30/50µm respectively. 

The microneedles insertions were tested on muscular tissue of animal and it was stated 

that no damage occurred to the proposed microneedles after frequent needle insertion into 

the tissue. After that extensive work has been reported in literature on hollow and solid 

micro and nano needles that have been fabricated by using the materials like single crystal 

silicon, polysilicon, silicon dioxide, silicon nitride, polyglycolic acid (PGA), 

polydimethylsiloxane (PDMS), polymethylmethaacolyte (PMMA), Glass, gallium 

arsenide (GaAs), titanium , Ti- alloy, tungsten, tungsten-alloy, stainless steel, gold and 

(ZnO) (Ashraf et al., 2011). But (ZnO) material has not been studied extensively for micro 
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and nano needle for biomedical applications. (ZnO) has been studied widely for solar cell, 

energy harvester, nano generator, gas sensors, piezo motors and microfluidic devices. 

(ZnO) is promising material that exhibit piezoelectric behavior. It has direct band gap of 

3.37eV and large excitation binding energy about 60meV at room temperature. Different 

shapes of (ZnO) nano structures like nanoparticles(Meulenkamp, 1998), nanowires(Mao. 

et al., 2002), nanorods (Xudong et al., 2004), nanosheets (Bando et al., 2003), 

nanoflowers  (Pan et al., 2005), nanotubes (Kong et al., 2003), nanocombs (Xu et al., 

2004), nanorings (Hughes and Wang, 2005), nanobelts (Wang et al., 2004), naohelices 

(Gao et al., 2007), nanobows (Hughes and Wang, 2004) and nanocages (Michael and 

Ashutosh, 2007) have been reported by various researchers using different fabrication 

approaches such as thermal evaporation method, microwave heating, non-aqueous 

approaches, chemical vapor deposition (CVD), gas condensation, laser ablation, 

template-assisted growth, refluxing method, sol-gel process and hydrothermal process.  

 

Only few researchers have been fabricated and reported (ZnO) nano needles. (Park et al., 

2002) reported (ZnO) nanoneedles that have been grown on vertically silicon substrates 

by using non-catalytic vapor-phase epitaxy. (Kim et al., 2004b) presented the work on 

characterization of (ZnO) needle shaped nanostructures that were grown on (NiO) 

catalyst coated silicon substrates. (Yang et al., 2004) presented the work on photocatalysis 

using (ZnO) thin films and nanoneedles grown by metal organic chemical vapor 

deposition. (Sun et al., 2005) reported synthesis and synchrotron light induced 

luminescence of (ZnO) nanostructures. These nano structures are like nanoneedles, 

nanowires, nanoflowers, and tubular whiskers. (Lau et al., 2005) presented the work on 

laser action in (ZnO) nanoneedles selectively. These nano needles were grown on silicon 

and plastic substrates. (Sanjeev et al., 2005) reported synthesis of photoconducting (ZnO) 

nanoneedles using an unbalanced magnetron sputtered ZnO/Zn/ZnO multilayer structure. 

(Li et al., 2009) reported (ZnO) nanoneedles with tip surface perturbations that are 

excellent field emitters. Most of the work done on (ZnO) is towards the nano structures. 

But here the authors have presented the structural simulation and fabrication of (ZnO) 

solid pyramid shape microneedles that needles can be used for transversal drug delivery, 

skin treatment and energy generation in nano generator.    

 

4.2 Numerical Simulation 

 

Structural simulation of pyramid shape solid microneedle has been conducted in finite 

element software ANSYS by consider single microneedle. First the 3D model has been 

built in ANSYS parametric design language. Then material properties of (ZnO) have been 

defined. The brick meshing was performed by using element solid 20nod186. The poison 

ratio of 0.25 has been considered for simulation. Then initial condition has been setup.  

The force of 1N to 7N has been applied on the tip of microneedle. The solution has been 

achieved. The deflection and stress has been analyzed. It has been observed that the stress 

values are well below the yield strength of material. The simulation results of deflection 

are shown in figure 4.1.  
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Figure 4.1 Deflection (a) X direction (b) Z direction 

 

 

It has been observed that the maximum deflection of 0.861µm and 4.06µm have been 

achieved by applying the force of 7N in X and Z direction.  When force is applied on 

microneedle then the stress and strain occurs in the microneedle. The stress intensity and 

mechanical strain are shown in figure 4.2.  

 

 
Figure 4.2 Simulation results (a) Stress intensity (b) Mechanical strain 

 

4.3 Fabrication 

 

The seeding on substrate is one of the most important factors in the hydrothermal growth 

of (ZnO). Seeding can be performed by different ways like dip coating, drop coating, spin 

coating and sputtering. Here, we have used plasma sputtering for seeding. First the 

substrates were cleaned in ultrasonic baths with de-ionized water (DI), ethanol and 

acetone for 20 minutes. Then the adhesive layer of 20nm and then seed layer of gold 

50nm has been deposited buy plasma sputtering as shown in figure 4.3. 
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Figure 4.3 (a) Plasma sputtering unit (b) Chromium coated substrate (c) Gold 

coated substrate 

 

For the growth of (ZnO) microstructures all the regents were analytically uncontaminated 

and used without further purification. The seeded substrates were suspended upside down 

in sealed chemical bath containing equimolar solution (10mM) of zincnitratehexahydrate 

Zn(NO3)2.6H2O) and hexamethylenetetramine (C6H12N4) in (DI) water. The substrates 

were then positioned in a hot plate to stirrer and heated to 95℃ for 5 h. Different 

concentrations of precursor solution were used to study the growth of (ZnO) micro 

structures. The precursor solution was changed after 5 h and growth was continued up to 

20 hours. The samples were then heated at 150℃  for 20 minutes to vaporize any organic 

deposits. Then substrates were rinsed with (DI) water to remove any residual salt from 

the surface and dried in air. Then the surfaces were characterized by (SEM). 

 

4.4 Results and Discussions  

 

Structural simulation of (ZnO) microneedles was performed using ANSYS parametric 

design language. The force of 0.2N to 0.7N was applied on the tip of microneedle. The 

defalcation on the applied forces is shown in figure 4.4. 
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Figure 4.4 Deflection of (ZnO) microneedles on the applied forces 

 

(ZnO) microneedles were grown on brass substrate by using simple hydrothermal 

method. Normally this method was used for the growth of nanorods. The length of 

microneedle was 30µm and one side base length was 10µm.  The surface was 

characterized by (SEM). The (SEM) image of microneedle is shown in figure 4.5. 

 

 
Figure 4.5 (SEM) Image of Pyramid shape (ZnO) microneedle 

 

After the successful fabrication of microneedles on brass substrate the process of 

fabrication was repeated second time. The same parameters and process steps was 

adopted. The (SEM) results of second time fabrication is shown in figure 4. 6. This time 

results were better than the first time fabrication. The results show that confirmation of 

microneedles fabrication by using hydrothermal method. Hence, this is new method of 
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microneedles fabrication by using existing technologies was proved and any researcher 

can produce same results.  

 

 
Figure 4.6 (SEM) images of (ZnO) microneedles (a) Single pyramid shape (b) 

Array of pyramid shape 

       

As the length of fabricated microneedles were 30µm. While the outer layer of human skin 

stratum cornium is 20µm. These solid needles can penetrate and puncture the skin and 

can be used for drug delivery or skin treatment.   

 

4.5 Conclusion and Future Research 

 

In this work the authors have presented the simulation and fabrication of (ZnO) pyramid 

shape solid microneedles. Numerical structural simulation has been conducted in ANSYS 

to investigate the deflection and strength of microstructure. Simulation was performed by 

making 3D model of single microneedle with applied force 0.2 to 0.7N. The simulation 

results show that the maximum deflection was 4.06µm and resultant stress values are 

within the limit of material strength. The (ZnO) solid microstructure has been fabricated 

on brass substrate. The adhesive layer of chromium with thickness of 20nm and gold seed 

layer with thickness of 50nm have been deposited by plasma sputtering. Then the 

fabrication of (ZnO) solid microneedle has been carried out by using simple dip coating 

method at low temperature. The surface was characterized by scanning electron 

microscope (SEM). The length of microneedles is 30µm. The fabrication process was 

repeated to confirm the new fabrication method of microneedle by using existing 

technologies. Hence, the fabrication of microneedles was confirmed even in second time. 

All previous method of microneedles fabrication involves complex fabrication steps like 

photo resist coating, masking, etching, pattern transfer and lithography. The presented 

method of solid microneedles does not involve any complex fabrication step. This method 

is very easy and cost effective. The fabricated microneedles can be used for drug delivery, 

skin treatment and energy generation process for nano generator. 
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CHAPTER 5 

5 PERFORMANCE ANALYSIS OF COMMERICALLY AVAILABLE 

PIEZOELECTRIC BASED ENERGY HARVESTER 

 

This chapter presents the performance analysis of commercially available piezoelectric 

based energy harvester. 

 

Note: The work presented in this chapter has been published in our article: 

  

Naveed Sheikh, Muhammad Waseem Ashraf, Nitin Afzulpurkar, Muhammad Sohail and 

Shahzadi Tayyaba, “Performance Analysis of Commercially Available Piezoelectric Based 

Energy Harvester”, Bahria University Journal of Information and Communication 

Technology (BUJICT), Volume 5 issue 1, 2012. 

 

5.1 Introduction 

 

In the past few years, flexibility, miniaturization and multi-functionality have become the 

development trend of electronic devices (Lee et al., 2012c) . Currently, research is focused 

on energy source which is light weight, small size, environmentally friendly, and power 

efficient (Xu et al., 2010a). Harvesting energy from the environment to power micro 

devices is feasible to self-powered nano/micro systems. There are plenty of possible 

sources of ambient energy include thermal energy, light energy, vibration, ultra-sonic 

waves, pressure, small friction, light energy, and body movement that can be used to 

operate an energy harvester(Wei et al., 2005a).  

 

In many applications, micro-electromechanical systems (MEMS) need to be self-

powered, and therefore efficient energy harvesting becomes critical. The transformation 

of mechanical vibration to electrical energy is considered one the most suitable methods 

of powering wireless sensor, deprived of hazardous byproducts associated to 

conventional power generation systems(G. Gu, 2001). A piezoelectric material can be 

suitable candidate for such harvester. They utilize the mechanical-electrical coupling 

effects. They are the prominent candidates of converting mechanical energy into electrical 

energy. Piezoelectric harvester proposed by (Jones et al., 2001), that was made on 100µm 

thick steel substrate with lead zirconate titanate (PZT) film having thickness of 7µm. The 

generator produced an output of 2.1µW from vibrations. The output from piezoelectric 

generator depends on geometry of harvester. (Roundy et al., 2005b)enhanced the 

geometry of the harvester’s piezoelectric bimorph. Trapezidol geometry can produced 

more than twice the energy than the rectangular geometry. (Minazara et al., 

2006)developed a unimorph piezoelectric membrane transducer which is excited 

mechanically. At the resonance frequency 1.71 KHz across a (5.6 KΩ) optimal resistor a 

power of 0.65mW was produced. On the basis of two energy densities (Dutoit et al., 2005) 

compared three generators. The electrostatic transducers have the lowest conversion 

efficiency and energy storage among these three mechanisms. 

 

In this chapter, we present a simple and reliable system to explore performance analysis 

of a commercially available piezoelectric energy harvester (Model and Name of Device). 

This chapter presented the system for the measurement of parameters, particularly open 

circuit voltage (OCV) and closed circuit voltage (CCV) at different vibrating frequencies. 

A circuit used to store energy from piezoelectric device is also presented.  
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5.2 System design for Measurement 

 

The system used for measurement is schematically shown in figure 5.1. The complete 

system consists of a functional generator, a piezoelectric energy harvester, a linear 

electro-mechanical vibrator and an oscilloscope. The piezoelectric power generator was 

clamped on an electro-mechanical vibrator.  

 

Functional 

Generator

Vibrator

Oscilloscope

Piezo 

device

 
Figure 5.1 Schematic of the measurement of power generating 

 

The vibrator consists of a linear motor (speaker) and depicted in figure 5.2. This was 

connected to functional generator for control purpose.  

 

 
Figure 5.2 Electro-mechanical vibrator 

 

The vibrating frequency can be controlled by the function generator. The induced voltage 

output voltage and the resonant frequency from the generator are measured using the 

oscilloscope as shown in figure 5.3. 
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Figure 5.3 System for measurement of power 

 

5.2.1 Resonance Response and Output power measurement 

 

In order to find out the resonant frequency node and output voltage, the applied signal 

frequency is varied from 150Hz to 400Hz, with a step size of 10 Hz.  Measurements are 

taken under (OCV). For output power measurements, energy harvester is used with a load 

resistor R. The value of R is changed to 100Ω to 6.2MΩ. The (CCV) is measured as a 

function of load resistance at the input frequency which is set at first mode resonance. 

The resonant frequency totally depends upon the internal impedance, the stiffness and on 

mass so, effective bandwidth of resonance is different for different type of piezoelectric 

energy harvester. 

 

5.2.2 Circuit for storing electrical energy from piezoelectric energy harvester 

 

The output current from the piezoelectric energy harvester which is based on piezoelectric 

effect is an alternating (both positive and negative cycle are produced by this source). In 

order to store electrical energy from such source we need to convert it into unidirectional 

current. Schematic illustration of the entire system to convert AC to unidirectional current 

is shown in figure 5.4. 

 

 
Figure 5.4 Schematic diagram of converting electrical energy to unidirectional 

current 
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A simple diode can be used as a half wave rectifier to obtain the (DC) current. The 

disadvantage of such rectifier is that it only converts half of the cycle and the energy for 

the next half is not utilized at the output. On the other hand a bridge rectifier can 

completely convert the (AC) cycle in to (DC) and gives good energy efficiency. The 

output from the bridge rectifier charges the capacitor every time when a pulse arrives 

across its ends. The capacitor stores energy and delivers it to the output circuit. The output 

circuit consists of current regulator which supplies a constant current to storage device as 

shown in figure 5.5. 

 

 
Figure 5.5 Circuit to convert electrical energy of piezoelectric harvester to 

unidirectional current 

 

5.3 Experimental Results 

 

The output waveform from piezoelectric harvester is shown in figure 5.6. The figure 5.6 

illustrates that the output is a linear function of input mechanical vibration at the vibrating 

frequency of 238Hz. The output follows the input sine wave pattern with a voltage output 

of 2.8V. To obtain the resonance frequency (ωn) for the piezoelectric harvester under 

investigation, vibrating frequency is varied from 150Hz to 400Hz. we take measurements 

of output voltage across the terminals for each value of input frequency. The input 

vibrating frequencies (ω) and output voltages are than used to plot the figure 5.7.  

 

 
Figure 5.6 Output voltage of piezoelectric device at vibrating frequency of 238 Hz 
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The (OCV) gradually increases from 2.3 V to 4.3V as frequency is changed from 150Hz 

to 280 Hz. The resonance occurs at ωn = 280Hz.  After 280Hz the output voltage gradually 

decreases and at 400Hz it becomes 2.2V.   The bandwidth of this device is taken by using 

Full Width Half Maximum (FWHM), which is 200Hz for the piezoelectric harvester used.   

 

 
Figure 5.7 Output voltage as a function of vibrating frequency 

 

For the output power measurement we use (CCV), which is the potential drop across the 

external load resistance R. The graph depicted in figure 5.8 reveal that (CCV) greatly 

depends upon the value of R.  For small values less than 2MΩ, the (CCV) increases 

linearly with R. and above 2MΩ the (CCV) attains a contestant voltage of 4.3V.  

 

 
Figure 5.8 Load voltage vs load resistance at first mode resonance 

 

Optimum output power and input impedance of piezoelectric device are obtained by using 

figure 5.9. As indicated in figure 5.9 the output power has a maximum value of 0.012µW 

when a load resistance of 1MΩ is used. It means that the internal resistance of 

piezoelectric generator is equal to external load resistance R. After this value the output 

power decreases with the increased load resistance. 
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Figure 5.9  Load power vs load resistance at first mode resonance 

 

The output obtained from the circuit is shown in figure 5.10. The circuit effectively 

converts AC output from piezoelectric harvester into unidirectional current and gives 

good energy efficiency. 

 

 
Figure 5.10 Oscilloscope result of converting (AC) signal to (DC) signal 

 

5.4 Conclusion 

 

We have analyzed the performance of a commercially available piezoelectric energy 

harvester.  Parameters such as resonance vibrating frequency, (OCV), (CCV), Output 

power and Output impedance are measured using a simple linear motor. The measuring 

system is very simple and easy to operate. The results revealed that the commercially 

available piezoelectric energy harvester has a bandwidth of 200Hz. The optimum voltage 

of 4.3V is achieved at 280 Hz. The maximum power recorded for said device was 

0.012μW when an output load resistance of 1MΩ is used.  
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CHAPTER 6 

6 ROBUST NANOGENERATOR BASED ON VERTICALLY ALIGNED 

(ZnO) NANORODS USING COPPER (Cu) SUBSTRATE 

 

This chapter presents the design, simulation and analysis of robust nanogenerator based 

on vertically aligned (ZnO) nanorods using copper (Cu) substrate. 

 

Note: The work presented in this chapter has been published in our article:  

 

Naveed Sheikh, Nitin Afzulpurkar and Muhammad Waseem Ashraf “Robust 

Nanogenerator based on Vertically Aligned (ZnO) Nanorods Using Copper (Cu) 

Substrate” Journal of nano materials: Hindawi: Accepted: IF: 1.547 

 

6.1 Introduction 

 

Nano structured materials have received extensive attention from researchers in last few 

years because of their novel properties which differ from those of bulk materials(Baron 

et al., 2008; Moghaddam et al., 2009). Nanocrystalline materials exhibit completely 

different properties due to their enhanced surface-to-volume ratio and quantum 

confinement effects. Zinc oxide (ZnO) is one of the important  material and photonic 

material that attracts much attention for nanodevice applications such as nanogenerators, 

biomedical devices, sensors, transducers and optoelectronics because of its direct band 

gap of (3.37eV) and large exciton binding energy (60meV) at room temperature. (ZnO) 

can be made highly conductive by doping and transparent to visible light.  Several reports 

on the characterization of uni-dimensional nanorods of compound and elemental 

semiconductors such as GaAs (Bai et al., 1999), Ge (Cui et al., 2001; G.Gu et al., 2001), 

Si (Cui et al., 2001)  and (ZnO) (Huang et al., 2001a; Huang et al., 2001b) (Shi et al., 

2000) are available in literature. Currently there is an increasing interest  in the fabrication 

of  (ZnO)  with the various morphology and uniform size , including low-dimensional 

(ZnO)  nanostructures such as nanowires, nanosheets, nanoflowers, nanotubes, nanorods, 

nanocombs, nanorings, nanobelts, naohelices, nanobows and nanocages, which have been 

successfully synthesized by different approaches such as thermal evaporation method, 

microwave heating, non-aqueous approaches, chemical vapor deposition (CVD), sol-gel 

process, hydrothermal process, gas condensation, laser ablation, template-assisted growth 

and refluxing method (Xu and Wang, 2011). One of the most inexpensive and energy-

efficient strategies for synthesizing (ZnO) nanorods is the hydrothermal process which 

does not require complex vacuum environment or high temperature. The hydrothermal 

process induces anisotropic crystal growth in a solution (Vayssieres et al., 2001; Hossain 

et al., 2005). The hydrothermal process provides good control over the morphology of the 

nanorods grown (Sugunan et al., 2006). The growths of (ZnO) nanorods on the flat 

substrates such as Si (Lee et al., 2006) glass (Wei et al., 2005b), carbon cloth (Jo et al., 

2004; Cross et al., 2005) have been reported. However, there have been no reports of 

(ZnO) nanorods grown on Copper (Cu) substrate. The ZnO crystal is hexagonal wurtzite 

with lattice parameters a = 0.3296nm and c = 0.52065 nm. The (ZnO) structure can be 

described as series of alternating planes composed of tetrahedrally coordinated (O2-) and 

(Zn2+) arranged along the c-axis. The basal plane (001) is the most common polar surface. 

One end of the basal polar plane terminates in partially negative oxygen lattice points and 

the other end is terminates in partially positive (Zn) lattice points. 
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The idea of human-motion based energy scavenging has enormous technological interest 

in accordance with the emergent potential of portable smart electronics (Lee et al., 2012a). 

It is becoming more realistic, due to advance research in nanoelectronics, to run these 

devices at tremendously low power consumption, so that energy harvested from the 

environment may be adequate to meet the operational mode energy needs (Yang et al., 

2012b). Thermal and solar energy are the most-common and practical sources of energy 

to be harvested from our surroundings. However, these forms of energy are time and local 

dependent. With the advances in technology developed for small-scale energy harvesting, 

it may be possible to scale up this type of technology at a large scope such as with ocean 

waves and wind power. Such potential needs to be explored with the consideration of the 

scalability of the technology, the cost of materials and fabrication process, environmental 

impact, and practical feasibility for implementation (Zhu et al., 2013). Mechanical energy 

is one of the most representative sources that can be artificially generated from vibration, 

movement of automobile and human walking, all of which are usually wasted (Du et al., 

2008). The fundamental mechanism of a nanogenerators (NG) is related to a piezoelectric 

potential generated in nanorods when they are dynamically strained under an external 

force, and the corresponding transient current that flows to balance the Fermi levels at 

two contacts (Xu et al., 2010b; Lee et al., 2012b). The nanogenerator is still difficult to 

apply to energy harvesting device to harvest the mechanical energy from the environment 

owing to weak durability, high cost and low-throughout process. Thus it is necessary to 

develop strategies towards achieving robust and cost-effective NG in order to consistently 

scavenge the mechanical energy from the environmental sources. 

 

(Huang et al., 2012) reported (ZnO) nanorods arrays thin film bilayer Structure for 

homojunction diode and high performance memristor to complementary 1D1R 

application. (Faisal et al., 2011) presented synthesis, characterizations, photocatalytic and 

sensing studies of (ZnO) nanocapsules. (Faisal et al., 2012) reported fabrication of (ZnO) 

nanoparticles based sensitive methanol sensor and efficient photocatalyst. (Ding et al., 

2013) presented growing of vertical (ZnO) nanorods arrays within graphite. (Wrobel et 

al., 2012) reported direct synthesis of (ZnO) nanorods field emitters on metal electrodes. 

(Liu et al., 2013) studied fabrication of ZnO/CdS/Cu2ZnSnS4 p–n heterostructure 

nanorods arrays via a solution-based route. (Chen et al., 2013) reported synthesis of 

grapheme (ZnO) nanorods nanocomposites with improved photoactivity and anti-

photocorrosion. (Umar et al., 2009) reported ultra-sensitive cholesterol biosensor based 

on low-temperature grown (ZnO) nanoparticles. (Hu et al., 2013a) presented a portable 

flow-through fluorescent immunoassay labon- a-chip device using (ZnO) nanorod-

decorated glass capillaries. (Gao et al., 2013) presented nanorod–nanosheets 

hierarchically structured (ZnO) crystals on zinc foil as flexible photoanodes for dye-

sensitized solar cells. (Jiang et al., 2013) reported   carrier concentration-dependent 

electron transfer in Cu2O/ZnO nanorod arrays and their photocatalytic performance. 

(Sheikh et al., 2013) reported pyramid shape (ZnO) solid microstructures for energy 

harvesting, drug delivery and skin treatment. 

 

In general, since a lightweight and cost-effective (Cu) is good electrical conductor; it has 

been extensively used in different industries. In order to prevent the detachment of (ZnO) 

nanorods from the substrate at the boundary interface under an applied strain, a micro-

scale rough surface of the (Cu) substrate was produced to increase the surface contact 

area by rubbing with sandpaper prior to growth of (ZnO) nanorods. However, rubbing 

with sandpaper (Cu) substrate surface exhibits enhanced hydrophilicity due to increase 

roughness.  For this reason, (ZnO) nanorods grow uniformly on the large area. Once 
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(ZnO) nanorods are grown on the one side of (Cu) substrate, the other side can be used 

as upper electrode of lower unit. The working principle of the nanogenerator is related to 

the coupling of piezoelectric and semiconducting properties. When a stress is applied by 

an external force, the (ZnO) nanorods grown parallel to the c-axis are under uni-axial 

compression. Negative and positive piezoelectric potential respectively occur at the top 

and bottom side of the (ZnO) nanorods, the corresponding transient current flows from 

the top and bottom through the external circuit, which is detected as an electric pulse. As 

the compressive strain is released by removal of the external force, the piezoelectric 

potential in the nanorods disappeared. As a result the electrons flow back via the external 

circuit, creating an electrical pulse in opposite direction. These electrical pulses can be 

accumulated, and the amount can be significantly enhanced by integration in parallel and 

series. 

 

In this work, we have used hydrothermal method to synthesize (ZnO) nanorods on (Cu) 

substrate leading to a robust large-area NG based on cost effective (Cu) electrode which 

could enable energy harvest from the walking motions. Copper based energy storage 

systems have tremendous advantages including high specific energy, low cost and zero 

emissions. What makes this work very interesting is the fact that the (ZnO) nanorods 

grown on a (Cu) substrate can be used to make a NG which is low-cost approach to 

converting mechanical vibration into electricity. 

 

6.2 Simulation 

 

The NG has been developed by using (ZnO) nanorods. The electrical energy has been 

achieved by applying the force or mechanical movement on the surface of nanorods. 

When the force is applied on the top surface of NG, then the deposited nanorods exhibit 

piezoelectric behavior. This behavior has been studied in finite element software ANSYS 

by consider single nanorod. First the 3D model has been built in ANSYS parametric 

design language. Then material properties of (ZnO) have been defined and brick meshing 

was performed by using element 20nod186. Then initial condition has been setup.  The 

force of 0.1 to 1N has been applied on single nanorod and then solution has been achieved. 

The deflection and stress on nanostructure has been analyzed. It has been observed that 

the stress values are well below the yield strength of material. The simulation results of 

nanorods in ANSYS parametric design language are shown in figure 6.1. 
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Figure 6.1 (a) Deflection (b) Deflection in vector form (c) Stress distribution 

 

It has been observed that the maximum deflection 0.294µm has been achieved by 

applying the force of 1N. The deflection of nanorods also been calculated experimentally 

by using laser displacement measurement method. The simulated and experimental 

results are close agreement and shown in figure 6.2.  

 

 
Figure 6.2  Deflection at different applied forces 
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6.3 Experimental Section  

 

6.3.1 Deposition of Cr/Au seed layer on Copper (Cu) substrate via Plasma 

sputtering  

 

To prepare the Cr/Au seed layer, all the regents were analytically uncontaminated and 

used without further purification. The substrate was cleaned in ultrasonic bath with water, 

ethanol and acetone for 15 minutes. The treated substrate was then impregnated 

ultrasonically in distilled water and dried in an oven at 200℃ for 1 hour. After that 

substrate was again treated with 1% dodecanethiol solution in ethanol for 2 hours and 

then heated at120℃ for 15 minutes prior to (ZnO) nanorods grown. Then 20nm layer of 

Chromium (Cr) and 50nm dense layer of (Au) were successively deposited on top of the 

(Cu) substrate by plasma sputtering. The chromium thin layer served as an adhesion layer 

and the (Au) dense film was expected as an intermediate layer to assist growth. The (Cu) 

substrate was then annealed at 160℃ for 1 hour to increase the crystallininty of the gold 

dense film.  

 

6.3.2 Synthesis of (ZnO) nanorods Via Hydrothermal method 

 

The Au seeded substrate was suspended upside down in sealed chemical bath containing 

equimolar solution (10mM) of zinc nitrate hexahydrate (Zn(NO3)2.6H2O) and 

hexamethylenetetramine (C6H12N4) in deionized (DI) water and was then positioned in 

a hot plate stirrer and heated to 95℃ for 5 h. Different concentrations of precursor solution 

were used to study the growth of (ZnO)  nanorods. The precursor solution was reformed 

every 5h and growth was continued up to 20 hours. Throughout this process, bubbles 

produced in the solution rise to the solution surface and are trapped at the face-down 

copper substrate surface, preventing uniform growth of (ZnO) nanorods on the large-area 

surface. However, after rubbing with the sand paper the (Cu) substrate exhibits improved 

hydrophilicity due to enhanced roughness as well as the surface oxidation because of the 

rubbing process. Consequently, the bubbles do not adhere to the surface as the molecules 

of the solution are strongly attached to the hydrophilic surface. For this reason, (ZnO) 

nanorods grow uniformly grown on the (Cu) substrate. The samples were then heated at 

150℃ for 30 minutes to vaporize any organic deposits. The substrate was rinsed with DI 

water to remove any residual salt from the surface and dried in air. In order to process the 

model for NG device we spun coated polymethylmethacrylate (PMMA) film, to 

electrically separate adjacent nanorods from each other, at a speed of 2000rpm for 30 

seconds and then annealed it at 100℃ for 1 minute. Reactive ion etching was used to etch 

(PMMA) layer to expose the tips of the nanorods. The results of fabrication will be given 

in next section. 

 

6.4 Results and Discussion 

6.4.1 Characterization 

 

The characterization was performed to determine morphology and size of the (ZnO) 

nanorods by using SEM (Hitachi S3400, operated at 20KV). The crystalline structure of 

aligned (ZnO) nanorods was observed using (XRD) (Bruker, D8 Advance). The chemical 

composition was characterized by using energy dispersive spectroscopy (EDX). Then NG 



81 

were assembled and tested. The (SEM) image of grown nanorods on (Cu) substrate is 

shown in figure 6.3. 

 

 
Figure 6.3 (a) Top view of (ZnO)  nanorods on Copper substrate (b) Cross 

sectional view of (ZnO)  nanorods on copper substrate (c) (ZnO)  nanorods with 

insulating layer after oxygen plasma etching (d) Schematic illustration of the 

individual nanogenerator and its symbol 

(SEM) image of spin coated (PMMA) layer is shown in figure 1c. The image undoubtedly 

indicates that spin coating method of the insulating layer seals the gap between the 

nanorods and behaves like a protecting shield to insulate them from each other. The 

surface of the nanorods wrapped with (PMMA) is etched away after exposing to oxygen 

in the reactive ion etching. The zinc oxide nanorods were hexagonal and vertically aligned 

on the copper substrate. The diameter and length of the ZnO nanorods were 350-400nm 

and 5-6 µm respectively. (SEM) images reveal that the nanorods array with the largest 

length and diameter were synthesized by the hydrothermal method.   

The crystalline structure of aligned (ZnO) nanorods was observed using (XRD) with 

CuKα radiation, λ=0.154nm as shown in figure 6.4(a) and (EDX) spectrum of the (ZnO) 

nanorods is shown in figure 6.4(b). It is clear from figure 6.4(b) that atomic ratio of (Z) 

and oxygen (O) is ca. 1:1 that indicating the perfect stoichiometric chemical composition 

of the (Zn) and (O) in the nanorods.  
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Figure 6.4 (a) (XRD) pattern of (ZnO) nanorods grown on (Cu) substrate (b) 

(EDX) spectrum of prepared (ZnO) nanorods 

 

(XRD) pattern of (ZnO) nanorods illustrates 6 reflection peaks of hexagonal wurtzite 

structure. These are (100), (002), (101), (102), (110), (103) at 2θ with corresponding angle 

31.80, 34.40, 36.20, 47.60, 56.60, 63.00 respectively. Compared with the other peaks, the 

(002) diffraction peak is much stronger intensity. That conform the nanorods were aligned 

in the c-axis. Hence they are acceptable in accordance with (JCPDS) card No. 36-1451 

with lattice constant a = 3.24 A0 and c = 5.21 A0. The strong intensity and narrow full 

width at half maximum (FWHM) of the (XRD) pattern shows that the (ZnO) nanorods 

synthesized had a good crystalline structure. To confirm the composition of the grown 

nanorods, (EDX) analysis was performed. It is confirmed from the (EDX) analysis that 

the grown nanorods are indeed composed of (Zn) and (O) only. The molecular ratio of 

Zn:O of the grown nanorods are evaluated from( EDX) and quantitative analysis data is 

close to 1:1. No other peak for any other element has been found in the spectrum except 

(O) and (Zn) which again confirmed that the grown nanorods are pure (ZnO). 

 

6.4.2 Scheme for the integration of (NG) and Characterization 

 

The nanogenerator based on (Cu) substrate can easily be integrated in parallel and series 

for increasing output voltage and current owing to the uniform growth of (ZnO) nanorods 

on (Cu) substrate and the simultaneously use of (Cu) substrate as lower and upper 

electrodes as shown in figure 6.5. 
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Figure 6.5 Schematic illustration of integrated NG 

 

To characterize the electrical performance of the nanogenerator we integrated the NG in 

series and parallel combination, consisting of nine parts on the large area of (Cu) 

electrode. The first combination including NG1, NG2and NG3 was incorporated in parallel 

with three parts forming one unit. The second combination including NGα, NGβ and NGγ, 

was incorporated in parallel with three parts attached in series with two units. The third 

combination including NGa, NGb and NGc, was integrated in parallel with three parts 

serially attached with three units. To characterize the performance of the NG, the NG 

array was tested by a convenient trigger system which could periodically compress and 

release at frequency of 3-4Hz. In case of serial combination, we calculated the output 

voltage with the increase in the number of serially incorporated unit. As the number of 

incorporated units increase from one to three in the order of NG1, NGα and NGa and their 

output voltage increase from 0.03V, 0.09V and 0.13V respectively. The units integrated 

in series are simultaneously affected by same external force and their corresponding 

piezoelectric potential in external load is summed, the output voltage increases with the 

number of units, the output voltage also increases in the order of NG2, NGβ and NGb with 

0.04V, 0.09V and 0.18V respectively. The possibility of serial integration based on 

copper (Cu) in order of NG3, NGγ and NGc with output voltage increases as 0.03V, 0.07V 

and 0.17 V respectively. The all above combination is shown in figure 6.6. 
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Figure 6.6 (a)  Incorporated units in the order of NG1, NGα and NGa and their 

output voltages 0.03V, 0.09V and 0.13V (b) Incorporated units in the order of NG2, 

NGβ and NGb and their output voltages 0.04V, 0.09V and 0.18V (c) Incorporated 

units in the order of NG3, , NGγ and NGc and their output voltages 0.03V, 0.07V 

and 0.17V (d) Output current of 18nA by parallel combination of NG1, NG2 and 

NG3 (e) Output current of 97nA by two layered combination including NGa, NGb 

and NGc (f) Output current of  38nA  by three layered including NGα, NGβ and 

NGγ 

After that we measured the output current for the NG integrated in parallel with three 

parts, the parallel integration of three parts including NG1, NG2 and NG3 led to the output 

current of 18nA. The 2nd integration which was composed of two layered including NGa, 

NGb and NGc led to the output current of 97nA. The 3rd integration which was composed 

of three layered including NGα, NGβ and NGγ led to the output current of 38nA. The NG 

based on (Cu) substrate can be simply integrated not only in series for high output but as 

well in parallel for the high output current without any specific size limit. Since the human 

walking and movement of automobiles are usually occurred at various low frequencies, 

these stable results are promising for the use in the practical applications. Photograph 

image of real device and schematic illustration of three dimensional integrated 

nanodevice is shown in figure 6.7. 
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Figure 6.7 (a) Image of real device and schematic illustration of three dimensional 

integrated nanodevice (b) Maximum output voltage of the nanodevice (c) 

Maximum output current of the nanodevice  

 

Here we design the device for energy scavenging from human walking that composed of 

three units. The device was tightly fixed on smooth supporting to prevent the electrical 

noise. Under the human walking condition the nanodevice exhibited maximum output 

current up to 148nA and maximum output voltage up to 1.8V. The output voltage and 

current are totally dependent on the force acting on device. These results not only verify 

that the output signals generated from the (ZnO) NG but also signify that connecting NG’s 

in series can increase voltage output and connecting NG’s in parallel can also enhance 

the output current. As for practical applications the NG’s, both high output and good 

performance in other aspects are required to better accommodate the environment and 

human activity. The integration of different NG’s in series and parallel is of dramatic 

importance in the development of nanodevices. 

 

6.5 System Design for the measurement of current and voltage of Nanogenerator 
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Figure 6.8 Schematic diagram for measurement of current and voltage of 

Nanogenerator 

 

 

To investigate their stability over an extended period, we continuously measured their 

output voltage at a frequency of 2 Hz using the serially integrated NG. The NG showed 

good stability of operation also, the output voltage was not significantly affected by an 

increase in the driving frequency from 2 to 5Hz. Since the human walking and movement 

of automobiles are usually occurred at various low-frequencies, these stable results are 

promising for the use in the practical applications as shown in figure 6.8. 

The output signal of the NG was recorded by using a low-noise voltage preamplifier and 

a low-noise voltage current preamplifier. A sine servo controller and a linear power 

amplifier served to periodically pressing and releasing the NGs at a desired (2Hz) 

frequency. 
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Table 6.1 Comparison of Nanogenerator Based on Vertically Aligned (ZnO) Nanorods Using Copper (Cu) Substrate from other 

Piezoelectric MEMS Energy Harvesting Devices 

MEMS device description Cost effective (Using different 

methods) 

Voltage Current Power density 

 Nanogenerator based on vertically aligned (ZnO) 

nanorods using copper (cu) substrate 

Hydrothermal method is used to grow the 

ZnO nanorods which is the most cheapest 

method 

1.8V 148nA 

192.20nW/cm2 

InN-Nanowire Nanogenerator  Growth of InN NWs was bsed on a vapor-

liquid-solid (V-L-S) 
1.0 V No description No description 

GaN Nanowire Arrays for High-Output 

Nanogenerators 

The growth was based on a vapor-liquid-

solid process 
20 mV No description No description 

Direct-Write Piezoelectric Polymeric 

Nanogenerator 
No description 0.03V 3nA No description 

Study of the Piezoelectric Power Generation of 

ZnO Nanowire Arrays Grown by Different 

Methods 

Two methods were used 

1. VLS method 

2. ACG method 

35 mV 

5 mV 
No description No description 

Flexible piezoelectric nanogenerator based on 

fiber/ ZnO nanowires/ paper hybrid structure for 

energy harvesting 

ZnO NWs were grown on carbon fibers 

and paper substrates using a two-step 

hydrothermal growth approach 

18 mV 35nA 51µWm-2 

Flexible NGs ZnO-cellulose nanocomposite 
80 mV 1.25 μA 50 nWcm-2 

Self-powered nanowire devices Hydrothermal method 
0.243 V 18.0nA No description 

All-Solution-Processed Flexible Thin Film 

Piezoelectric Nanogenerator 

Hydrothermal method 
0.6V 90nA 54nA/cm2 
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MEMS device description Cost effective (Using different 

methods) 

Voltage Current Power density 

Muscle-Driven In Vivo Nanogenerator physical-vapor deposition process 
3 mV 30 pA No description 

Vertically integrated nanogenerator based on ZnO 

nanowire arrays 

 
0.15V 7.2nA 2.8nWcm-2 

 

The performance of the Nanogenerators characterized by measuring the cost effiectiveness, current, voltage and the power density. In comparison 

nanogenerator based on vertically aligned (ZnO) nanorods using copper (cu) substrate, the parameters shown in above table has achieved four 

major objectives: replacing the use of expansive and sophisticated nanogenerators; twenty seven NG’s in series integration to achieve enhanced 

output voltages of 1.8V and then integrated them in parallel to obtain maximum output current 148nA; the power density reached to 616.66nW/cm3. 

In summary, we have successfully fabricated a robust and large-area nanogenerators based on cost-effective, enhanced output voltage, current and 

power density as compared to the others Nanogenerators illustrated in the above table. The integration of different NG’s in series and parallel is of 

dramatic importance in the development of nanodevices. The presented facile and integrated approach will result in low cost and reliable method 

to meet the requirements for large scale nanofabrication of high output piezoelectric-generators using copper substrate. Our strategy can provide a 

highly promising platform as an energy harvester that convert mechanical motion of humans into electricity. 



89 

6.6 Conclusion and future research 

 

We have successfully grown (ZnO) nanorods on the surface of the (Cu) substrate using a 

simple hydrothermal method at low temperature <100℃. The analyses like (XRD) and 

(SEM) clearly indicated that the resulting (ZnO) nanorods are a wurtzite crystal structure 

and the crystalline rods grown preferentially in (002) direction, leading to the growth of one-

dimensional (ZnO) nanocrystals. Then we developed a nanogenerator based on (ZnO) 

nanorods on (Cu) substrate which consist of twenty seven NG’s in series integration to 

achieve enhanced output voltages of 1.8V and then integrated them in parallel to obtain 

maximum output current of 148nA. The simulation and experiment to check the robustness 

of NG’s were also performed. Finite element software ANSYS has been used for structural 

analysis. Simulated and experimental results are close agreement. The cost effective (Cu) 

substrate is not only a good electrical conductor for nanodevices toward real applications for 

effectively converting mechanical energies to electricity from environment. 
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