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ABSTRACT 

 

An innate attribute of certain ceramic (e.g. lead zirconate titanate and polyvinylidene 

fluoride) materials to generate electric potential when mechanically stressed or 

deformed was discovered in 1880, by Jacques and Pierre Curie and is termed as 

piezoelectricity. Ceramic piezoelectricity has been extensively used for energy 

generation in the macro scale and to an extent in the micro scale. Certain inorganic 

crystals like zinc oxide, barium titanate and aluminium nitride have been found to 

possess similar piezoelectric properties. Metal oxide semiconductors having high 

piezoelectric coefficient can be cost effectively manufactured by a simple hydrothermal 

method using low temperature processes.  These nanostructures are capable of 

transforming mechanical deformations into electrical power. The nanostructure 

morphologies and dimensions can be controlled by controlling the growth conditions. 

When subjected to mechanical deformations, these nanostructures undergo a charge 

separation due to inherent structural asymmetry. Tapping of the separated charges and 

subsequent accumulation can give a manifestation of mechanical to electrical energy 

transformation and lead to energy harvesting. This has been done at macro levels quite 

easily, while tapping the separated charges at the nanoscale still remains a topic of 

intent research. The synthesis of nanostructures of metal oxide semiconductors for using 

their unique property of piezoelectric energy generation under mechanical deformation 

combined with a metal electrode capable of converting that into electrical energy with 

high efficiency and the ability to transfer the energy generated to the outside world will 

lead to new dimensions for battery size reduction and self-powering of micro/nano 

systems.  

Keywords: Piezoelectricity, Metal oxide semiconductor, ZnO, PZT, PVDF, 

Nanostructures, Electrodes, Energy harvesting, Self-powered devices. 
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CHAPTER 1                                                                                             

INTRODUCTION 

 

This chapter deals with a brief overview of what this work is about, the 

objectives of the work, the assumptions, the expectations and the scope and limitations 

of the work. The overview deals with the basic background of energy harvesting 

systems and the importance of size reduction in voltage generators.  It looks into why 

piezoelectricity of nano materials could be so important for energy harvesting at sub-

micron scale.  

1.1 Background 

 

The first ever source for electrical power was invented by Alessandro Volta in 

1799 and was known as a battery. After the invention of the generator by Michael 

Faraday in 1831, the lighting up of cities through wiring process came into existence 

while batteries became the major power source for wireless electrical devices. These 

batteries had huge sizes and weighed enormously too. Wireless radios of the early 1900s 

using vacuum transistors and batteries weighed heavily [1]. With the advent of 

integration techniques for electronics after Jack Kilby’s invention of IC technology in 

1959, vacuum devices made way to semiconductor devices for wireless applications. 

The power requirement of semiconductor devices was much lower; the sizes of the 

batteries could substantially be reduced.  

With the fast evolution of large scale integration techniques, electronic devices 

are continuously shrinking in size. As a result, electronics has approached the 

nanotechnology domain. With the unprecedented decrease in electronic device sizes, 

more and more number of transistors (a few billions) is being integrated in single ICs 

and complex functions are being performed using integrated circuits. With the 

interfacing of hardware and software through HDL languages and embedded systems, 

electronic systems have forayed into practically all fields of science and technology. 

But, each and every device needs to be powered for its operation. Conventional batteries 

has significantly been reduced in size and cost by the use of newer technologies. 

However all batteries need to be changed and/or recharged frequently. Also, due to use 

of hazardous materials in their fabrication, they are very difficult to be disposed without 

affecting the environment to say the least [2]. These limitations have significantly 

reduced its application in the fields of medical diagnostics and in vivo treatments 

despite considerable improvement in in-vitro applications. Self-powered systems are the 

requirement for devices like micro sensors for medical diagnostic applications and drug 

delivery systems for in vivo therapeutic applications and hence the need for alternative 

energy harvesting methods that could lead to human life expectations and longevity.  

Also mobile electronics could reach a state where in people can carry their world with 

them. Autonomous micro/nano systems harvesting energy from the environment might 

soon be a reality [3]. 

One of the many new avenues of energy scavenging is the use of naturally 

abundant kinetic energy available in the form of different environmental, man-made and 

mechanical vibrations or motions [4]. Self-powered devices can be a reality if these 

vibrations are harvested in the form of electric power using transducers like 

electromechanical, electrostatic or piezoelectric. Piezoelectric energy scavengers are 
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found to be very simple with relatively higher energy conversion rates. Mechanical 

vibrations are accessible in plenty, from footsteps on floors to car engine vibrations with 

a variety of frequencies. The human body generates mechanical energy through various 

sources like heartbeats or blood flow etc. This freely available energy has been used for 

energy harvesting by researchers and inventors at the macro scale since as early as 1600 

B.C. However, widespread use started only around 1930 in the form of self-winding 

watches using the motion of the user’s body. These devices despite undergoing a lot of 

improvement over the years weighed about 150 grams [5].  

The concept of wireless systems with long battery life led to the development of 

MEMS (micro electro mechanical systems) based vibration energy harvesters or 

otherwise known as micro generators. These systems mostly used piezoelectric material 

PZT (lead zirconium titanate) for energy generation by binding them to vibrating 

structures to gain physical strain for generation of electric power. Some devices even 

used human movement for energy generation. These micro systems have larger 

structures, usually in the range of a few cubic centimeters and could have operating 

frequencies in the range of 50Hz to 5 KHz [6] and [7]. Hence these structures are 

handicapped by their larger structures and limited operational frequency range. Also, 

they are severely reliant on the resonance frequency for good performance of the device. 

Vibration based micro generators are capable of providing a power output of up to 

4µW/cm
3
 when stimulated by human motion (very low frequency) and up to 800 

4µW/cm
3
 when stimulated my machine motions at high frequencies [8].  

With the evolution of biomedical engineering, in vivo monitoring, detection and 

treatment of cells and organs seem to be a nearby reality albeit the fact that all this still 

require a power supply. With the size, weight and use of hazardous materials of current 

batteries do not serve the purpose. Realization of self powered nano systems can lead to 

new avenues in this direction. Piezoelectric nanostructures can be economically 

fabricated in metal semiconductor form. In the last decade or so, these nanostructured 

metal oxide semiconductors (ZnO) had drawn global interest for their path breaking 

properties. One of the extensively studied properties is its ability to generate power 

when subjected to mechanical vibrations. Not only does it generate power at high 

frequency vibrations, it can also do so at low frequency vibrations, which lead to 

extensive application prospects in many important fields like self power generating 

devices for medical applications. Exploiting such nanostructures for energy harvesting 

will be the answer to self powered system requirement. These devices could draw the 

required mechanical strain from potential mechanical strain provided by the body like 

muscle movement, blood movement, heart beat etc. The need of a battery will become 

irrelevant. At the same time, the availability of power sources at the nanoscale will 

reduce the sizes of integrated systems furthermore. 
Zinc oxide, a II-VI metal oxide semiconductor material is known for its 

versatility. ZnO nanostructures exhibit anisotropic piezoelectric properties due to its 

structural non-central symmetry. Structurally, it has a number of alternating planes 

stacked along the central axis. These planes are made of tetrahedrally synchronized O
2-

 

and Zn
2+

 ions. This tetrahedral coordination in ZnO results in non central symmetric 

structure such that it exhibits distinct piezoelectric properties. Because of these positive 

and negative ions, ZnO has distinctive polar surfaces with the basal plane (0001) being 

the most common polar plane. One end of the polar plane ends with partly positive Zn 

lattice tip and the other end ends in partly negative oxygen lattice points [9]. These polar 

surfaces when mechanically disturbed, produces electrical energy. These unique 
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properties of piezoelectricity and semi conductivity of ZnO can be used to convert 

biological mechanical energy, acoustic or ultrasonic vibration energy and biofluidic 

hydraulic energy for self powered wireless nanodevices and systems [10]. 

ZnO nanostructures have interesting properties and are being used as a 

fundamental material for building new nanoscale devices. Nanostructured materials 

display completely different properties from their bulk counterparts mainly due to 

quantum confinement effects and enhanced surface boundaries resulting in wider band 

gap and very high surface area to volume ratio. In its bulk form, ZnO exhibits 

semiconductor property with a wide band gap of the order of 3.37eV. It has an exciton 

binding energy of the order of 60meV which is much larger than that of GaN (25meV). 

This results in good exciton emission at room temperature from ZnO nanostructures of 

high aspect ratio.  ZnO can be made to conduct heavily through proper doping [11].  

By growing 1-dimensional ZnO nanostructures, numerous characteristics like 

band gap and young’s modulus of elasticity can further be improved. This leads to 

improved piezoelectric properties. The effective piezoelectric constant in such structures 

depends mainly on three factors, viz, decreasing diameter of the nanostructure, 

increasing length and the increasing surface to volume ratio [12]. Since every single 

nanowire can work as a nano transducer, it is feasible to integrate billions of them on a 

single substrate. This would lead to multifold increase in energy generated.  

High aspect ratio ZnO nanostructures can be simply built using hydrothermal 

methods [13] and these nanowires or nanorods show piezoelectric properties. i.e., they 

produce electrical energy when supplied with mechanical stress [14] and [15]. Normally 

the positive and negative ionic charges of Zn and O cancel each other out. Mechanical 

bending of the wires displaces the ions, causing a charge separation, i.e., positive on one 

side and negative on the other. This unbalancing of opposite charges creates an electric 

field, which forms an electric potential across the wires to produce a change in the 

current flowing through the nanorods if a closed circuit is formed using them. 

A metal semiconductor in contact with a metal forms a Schottky diode. Thus, a 

ZnO metal semiconductor nano rod when covered with a metal tip forms a Schottky 

junction and renders to it the property of uni-directional conduction. Hence, ZnO 

nanorods after a metal coating can be expected to work as an electrode, which can 

provide for DC energy tapping from a piezoelectric nanorod. Anodic aluminum oxide 

(AAO) membrane is well known for its extremely homogeneous pores, straight and 

parallel nanochannels, and controllable pore size. These uniform pores can be used for 

making nanostructures with desired size and shape and hence nanoporous alumina 

membrane can also be used as a template to make electrodes with specific shape and 

size for piezo-energy harvesting. 

Key issues for harvesting piezoelectric energy includes the simultaneous 

generation of piezoelectric potential in a large number of nanowires, the extraction of 

that energy and the application of the same to an external load. Also, nanostructures 

could be fabricated and assembled into array structures to work as a self powered 

nano/microstructure. The other major issues are to have an estimate/measurement of the 

energy generated by these nanowires for practical application considerations and to 

transfer the energy generated by nanostructures to the macro world. 
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1.2 Problem statement 

A fascinating and straightforward scheme for growing ZnO nanorods under 

environmentally friendly conditions was proposed by Vayssieres et al [16]. Due the low 

growth temperatures (less than 95
o
C), an extensive increase of use of ZnO nanorods and 

related research for various applications are being observed over the last few years. In 

this method, ZnO nanorods are grown in a bath of hexamine and zinc nitrate, which 

provide the required Zn and OH ions for growth of crystalline ZnO on prepared 

substrates with nanoparticles of ZnO attached to it. The seeding can be done by 

dropping previously prepared ZnO nanoparticle on the substrate. It can also be done by 

directly synthesizing the seed layer on the substrate. By controlling the growth 

conditions like chemical bath concentration, growth time, growth temperature; seeding 

methods etc. the arrangement and sizes of the nanorods could be controlled. A 

systematic study of the growth conditions may give us the best suited nanorod structure 

and arrangement for energy harvesting purpose. 

 

A ZnO nanorod is highly piezo-electric in nature and can be used for energy 

harvesting. However, an estimation of its energy generation capabilities will give us an 

idea of what possibilities it holds to be used as battery replacements or for self powered 

devices. A study of its ability to handle mechanical bending will give us an idea of how 

stable these devices could be and if they are capable of being used for a long time under 

repeated bending conditions. A metallic nanomanipulator, capable of bending a nanorod 

and at the same time providing conductive contact can give us a measurement of these 

factors, quantitative/ qualitative or both. Moreover, a good knowledge of the conduction 

properties of the nanorod can also be achieved. 

 

An array of ZnO nanorod grown on a conducting substrate can give us a 

nanogenerator, if we have an electrode at the top, capable of touching the nanorods 

during deformation in such a way that the generated piezo-electricity is extracted and 

transferred to an external circuit. While the conductive substrate can act as one 

electrode, the other electrode is crucial for the conversion of the energy generated into 

useful energy. Since ZnO nanorods subjected to mechanical deformation produce 

voltage separation in such a way that the elongated side has an excess positive potential 

and the contracted side and excess negative potential and since the strain is maximum at 

the free tips, maximum power transfer can be obtained only if the other electrode 

establishes a contact with the tip every time the nanorods are strained. Contact 

electrodes are to be designed for efficient extraction of piezo-potential. 

 

Usually hard substrates are used for the growth of the nanowires and subjecting 

them to mechanical bending for sufficient energy generation has been an issue as the 

piezo-potential generation depends on the amount of deformation imparted on the 

nanowires. Use of flexible substrates with piezoelectric ZnO nanowires allows the 

deformation of the nanowires by bending the substrate. Use of flexible substrates with 

piezoelectric ZnO nanowires allows the deformation of the nanowires by bending the 

substrate. Conducting flexible substrates could be used in systems requiring foldable 

power sources like foldable electronics or wearable biomedical devices. A plastic 

substrate would also make the energy harvester very light and economic. These flexible 

piezo-electric materials could harvest energy from mechanical energy available 

abundantly in our surroundings and give us foldable power sources for self powered 

devices.  
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1.3 Objectives of the work 

1. To grow ZnO nanorods for piezoelectric applications on different substrates. 

2. To study piezoelectric, electrical and mechanical properties of ZnO of single 

ZnO nanorod. 

3. To design electrode for extraction and transfer of piezo-potential generated by 

nanostructures to the macro world. 

4. To build and optimize a nanogenerator as a device. 

5. To perform electrical measurements for characterization of piezo-generators. 

 

1.4 Hypotheses 

 

1. Piezoelectric nanostructured energy harvesters. 

2. Inexpensive electrode for piezo-electric energy harversting. 

4. Easy to fabricate and inexpensive piezoelectric energy harvesters. 

 

 

1.5 Limitations of this work 

 

 Completely noise free environments are a necessity for exact confirmation of 

piezoelectric energy generated by the nanogenerators as the measured values are 

extremely small. Efficiency of energy extraction can be improved if the piezopotential 

can be picked up from most of the nanorods in the array. However, only a small fraction 

of the nanorods could be electrically connected due to fabrication limitations.  

 

1.6 Organization of the report 

 

This report has been organized into four chapters as listed below: 

 

Chapter 1 - Introduction 

Chapter 2 - Literature Review 

Chapter 3 - Methodology 

Chapter 4 - Results and Discussion 

Chapter 5 - Conclusions and Recommendations 
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CHAPTER 2 

LITERATURE REVIEW 

 

This chapter looks into the background of the phenomenon called 

piezoelectricity and the basic physics behind the generation of piezoelectric energy by 

certain materials. It studies the crystal structure and ion distribution in ZnO crystals that 

makes them such good candidate for piezoelectric generation at sub-micron scale. It 

also looks into the details of piezoelectric voltage generation of ZnO nanowires. The 

physics behind the energy generation processes for both vertically standing wires as 

well as flat wires. It studies the details of how the voltage generated is distributed across 

a bent nanowire. It also relates to reports about how a single nanowire had been 

manipulated to successfully generate electrical current in circuits. This chapter studies 

in detail the various materials and devices that have been reported to have been 

fabricated using the piezoelectric properties of ZnO nanowires. It started from the 

fabrication of ZnO nanowire as a diode, and has since been extensively researched and 

successful power generating devices had been demonstrated. These devices are studied 

and reported in this chapter.  

This chapter also studies the various electronic and mechanical properties of 

ZnO nanostructures through reported literature. It deals in details the piezoelectric 

energy harvesting techniques used by various research groups using ZnO nanostructures 

as well as few other materials being used in recent time. An insight is also made into the 

recent MEMS based techniques used for piezoelectric energy harvesting.  

Finally, theories that are associated with some of the methodologies used during 

the research work have been looked into. This includes anodic aluminum oxides or 

AAO membranes, a few measurement devices etc. 

2.1 Piezoelectricity 

               

 Piezoelectricity, an innate attribute of certain ceramic materials was discovered 

by Pierre and Jacques Curie in the year 1880 [17]. Piezoelectricity can be defined as the 

property of certain materials to produce electrical potential when subjected to 

mechanical stress. Some natural piezoelectric materials are DNA, enamel, silk, dentin, 

etc. [18]. Single crystals like quartz, ZnO, synthetic crystalline materials or ceramics 

like barium titanate, lead titanate, lead zirconate titanate, sodium potassium niobate, 

bismuth titanate etc and polymers like poly (vinylideneflouride) are found to exhibit this 

property [19]. Electrically charged particles in substances are distributed in space in a 

way such that the opposed charges cancel each other. This makes matter electrically 

balanced or they do not have excess electrical charge and are hence neutral. When a 

mechanical strain is produced in the form of a physical deformation, certain materials 

undergo a forced charge unbalance at their surfaces, which in other words is termed as 

piezoelectricity. The surface charge separation can occur depending on certain attributes 

of the material [20]. These include the dielectric capacity and the crystal structure of the 

material or in other words how it is aligned with respect to the central axis of the crystal 

[21]. Certain materials possessing high dielectric capacities and inherent asymmetric 

orientation about their axis can be made to produce separation of surface charges under 

applied mechanical stress. Piezoelectricity is exhibited by polycrystalline materials of 
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ceramic type with a perfect orientation as well as a few single crystal materials. 

Ceramics like PZT on the other hand are mixtures of minute piezoelectric crystallites 

randomly oriented. Hence piezoelectric behavior usually cancels out at macro level. 

Permanent alignment of dipoles is to be done through the application of external 

magnetic fields, for piezoelectric properties at macro level [19]. 

Figuratively, piezoelectricity of any material is measured by its piezoelectric 

coefficient or piezoelectric modulus (D). ‘D’ can be defined as the change in volume it 

undergoes when subjected to an electric field or the polarization it undergoes when a 

mechanical stress is applied. This is mathematically represented as D = P/σ, with P 

denoting the polarization and σ being the stress. There can be many piezoelectric 

coefficients depending on the crystal orientation [22]. 

2.2 Piezoelectricity in zinc oxide 

 

Zinc oxide, a II-VI metal oxide semiconductor material is known for its 

versatility. ZnO nanostructures exhibit anisotropic piezoelectric properties due to its 

structural non-central symmetry [23, 24]. High aspect ratio ZnO nanostructures can be 

easily synthesized using hydrothermal methods [13] and these nanowires or nanorods 

exhibit piezoelectric properties. i.e., they produce electrical energy when supplied with 

mechanical stress [12]. 

Zinc oxide crystals exhibit the distinctive trait of having positive metal ions 

(Zn
2+

) and negative ions (O
2-

) tetrahedrally distributed along its central axis, which 

results in piezoelectric properties. ZnO has a hexagonal wurtzite crystal structure and 

shows partial polarization at its surface. Its lattice parameters are a = 0.3296 nm and c = 

0.52065 nm [25]. Figure 1 shows schematically the arrangement of Zn and O atoms in 

the hexagonal wurtzite structure of ZnO and the tetrahedral coordination of the anions 

and cations [26]. 

 

 

Figure 1. (a) The Wurtzite structured model of ZnO [27] and (b) the tetrahedral 

coordination of Zn
2+

 and O
2-

 ions in the wurtzite structure of ZnO [25]. 

(0 
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In single crystal solids like ZnO, piezoelectric property of the material originates 

at its atoms and repeated throughout the solid, due to highly crystalline nature and 

periodicity. The non-symmetric distribution of positive and negative charges starts at a 

unit cell and replicates through the whole material. Strained material results in net 

polarization on the surface.  

ZnO nanostructures are found to carry the versatility of their parent form and 

can endure huge deformations [28]. This characteristic attribute of semiconducting 

piezoelectricity of ZnO nanorods/nanowires is intently being studied for creation of 

novel devices. This is paving ways for size attuned sources of power for wireless 

devices undergoing a continuous size reduction over the years [29, 30]. A few important 

material properties of ZnO are given in Table1. 

Table 1. Important material properties of ZnO. 

 

Crystal Structure  Hexagonal Wurtzite 

Piezoelectric Coefficient 12pC/N 

Molecular Weight 81.38 

Lattice Constants (300K) a =0.32469 A°,  c=0.52069A° 

Melting Point 2248 K 

Density 5.606 g/cm
3
 

Thermal Conductivity 25W/mK at 20°C 

Fusion Heat 4,470cal/mole 

Band Gap  3.37eV at room temperature 

Thermal Expansion Coefficient 4.3x10
-6

/°K at 20°C and 7.7 x10
-6

/°K at 600°C 

Refractive Index  2.008 

Lattice Energy 964kcal/mole 

Exciton Binding Energy 60meV 

Electron and Hole Effective Mass me *=0.24eV, mh *=0.59 

Dielectric Constant ε0 = 8.75, ε∞ = 3.75 

Intrinsic Carrier Concentration < 10
6
 cm

-3
 

Electron and Hole Mobility 

(300K) 

µe = 200 cm
2
/ (V.s),  µh = 5-50 cm

2
/ (V.s), 

 

 

2.3 Zinc oxide: growth structures 

 

In general, neutral ZnO crystal can have polarized surfaces due to some surfaces 

ending with only cations (Zn
2+

) or only anions of (O
2-

). Polarized surfaces are nothing 

but surfaces with positive or negative charges. The base plane (0001) is a polar surface 

in the ZnO crystal as partial cations of Zn terminate one end of it and partial anions of 

oxygen terminate the other end. This produces a dipole moment and a total polarization 

along the c-axis of the crystal. This also results in variable surface energy. The (0001) 

plane is shown in figure 2 for various morphologies of ZnO nanostructures [25]. 
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Figure 2. ZnO nanorods and the growth morphologies along different planes or 

faces [25]. 

 

2.4 Synthesis methods of nanostructures of ZnO 

Synthesis of ZnO nanostructures can be mainly categorized under two heads 

depending on the medium being used for the process, viz., gas phase and liquid phase.  

In gas phase synthesis method, ZnO nanostructures are synthesized in vacuum 

environment or extreme low pressure. These methods are very complex process and 

done in extremely high temperatures (in the range of 500
o
C to 1500

o
C). This process 

includes synthesis methods like chemical vapor deposition or CVD [31], metal organic 

chemical vapor deposition or MOCVD [32], physical vapor deposition or PVD [33], 

thermal oxidation of metallic zinc and condensation [34], vapor liquid solid (VLS) and 

vapor solid (VS) growth collectively known as vapor phase transport method [35], [36], 

[37] and [38] and microwave assisted thermal decomposition [39].  

 

Liquid based synthesis is done for liquid phase synthesis, or a solvent is used as 

the synthesis medium for synthesizing ZnO nanostructures. One of the very convenient 

liquid phase syntheses is the hydrothermal synthesis method. Water being used as the 

synthesis medium and synthesis being carried out at very low thermal conditions 

(usually below the boiling point of water), it is known as the hydrothermal method. 

Electrophoresis [40], colloidal sol-gel method that uses zinc acetate hydrate for 

synthesis in water [41], template based methods [42], For thin film structures of ZnO, 

spray pyrolysis method [43] and [44] and certain alcohol based syntheses that use zinc 

acetate hydrate in and tetra methyl ammonium hydroxide or sodium hydroxide as the 

reacting agent [45] and [46] are some significant liquid phase synthesis methods being 

reported. 

 

2.4.1 Hydrothermal synthesis of ZnO nanostructures 

 

Using alcohol as a solvent for the synthesis of ZnO nanostructures has received 

a lot of interests due to faster processes. Yet aqueous media synthesis too has been 

attracting research and hydrothermal synthesis of ZnO nanostructures had been 

reported. Some of them are discussed below. 
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Hydrothermal synthesis of ZnO nanoparticles was reported by Chen et al. [47] 

using zinc chloride (ZnCl2) and sodium hydroxide (NaOH). They used organic 

compounds as templates and different particle morphologies were observed under 

different synthesis temperatures. Also, under a fixed temperature of 160
o
C, addition of 

different organic templates produced different morphologies.  

 

Lu et al. used hydrothermal synthesis method with zinc nitrate (Zn(NO3)2) and 

ammonia (NH3) for preparation of ZnO nano crystal powder [48]. They studied the 

effects of pH and temperature on the particle size and yield by varying the conditions.  

Figure 3 shows changes in yield and size of nanoparticles as variables of pH and growth 

temperature. 
 

 
 

Figure 3. Variation of yield and particle size with pH and temperature. (Left) 

Affect of pH on (a) particle size and (b) yield of production of the powder of ZnO 

during a hydrothermal synthesis, showing that pH helped proportional increase in 

size while yield was found to reduce for pH of more than 11 and (Right) Affect of 

reaction temperature on (a) particle size and (b) yield of production of the powder 

of ZnO during a hydrothermal synthesis showing that temperature have similar 

affects on both. That is, particle size and yield initially increases but decreases 

after a certain temperature of about 140 
o
C [48]. 

 

 

Both the particle size and yield were found to increase as the temperature was 

increased from 100
o
C to 140

o
C after which it decreased. In case of pH however two 

distinct regions were formed. Region A was formed at pH values less than 11, where 

yield nearly remained same while particle size went up. With pH values more than 11, 

the yield decreased very fast while size kept increasing.  Thus it was observed that 

higher pH was a deterrent for ZnO nanoparticle nucleation. 

 

Musić et al. suggested a simple method for synthesizing ZnO nanoparticles at 

higher pH values. Using a precipitating agent tetramethylammonium hydroxide 

(TMAH) on zinc acetate dehydrate in ethanol they reported the synthesis of 10-20 nm 

sized ZnO particles at a pH condition of 14. ZnO snowflakes were synthesized by 

adding water to the solution before the addition of TMAH [49]. 
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Zinc nitrate hexahydrate was used by Baruwati et al. [50] in aqueous medium to 

synthesize nano-sized particles of ZnO nanoparticles. The pH condition was fixed at 7.5 

by the addition of ammonium hydroxide and synthesis was done at 120
o
C at high 

pressure. Washing and drying of particles at 80
o
C produced nanoparticles as is shown in 

figure 4. 

 

 
 

Figure 4. Transmission electron microscope (TEM) image of ZnO nanoparticles 

prepared by hydrothermal synthesis method [50]. 
 

Super critical water was used as a synthesis phase by Vishwanathan et al. [51] 

for hydrothermal synthesis of ZnO nanoparticles. Zinc acetate was oxidized in a 

medium of supercritical water in a tubular reactor to obtain particles of ZnO with 

diameters of 39 to 320 nm. Reaction parameters like pressure, reaction atmosphere or 

temperature were varied to obtain different sizes and shapes of the particles. 

 

2.5 One dimensional nanostructures of ZnO 

 

Controlled growth of one dimensional nanostructures of ZnO has been reported 

through literature and hydrothermal methods are used extensively throughout. These 

nanostructures are also known as nanowires and/or nanorods. Usually nanowires have 

the diameter to height ratios much larger than that of nanorods. First hydrothermal 

synthesis of such structures was reported by Vergés et al. [52]. A lot of enthuse was 

seen in hydrothermal growth of 1- dimensional structures of ZnO after Vayssieres et al. 

[53] reported ZnO nanowire growth on silicon and glass substrates by disintegration of 

zinc nitrate and hexamethylenetetramine (HMT) or hexamine when treated thermally. A 

thin film of ZnO nanoparticle was used as the seed layer on the substrates for controlled 

growth of the nanowires. Hexamine or methanamine ((CH2)6N4) discharges OH anions 

in water when treated thermally and reacts with Zn cations released by zinc nitrate 

Zn(NO3)2 and produces ZnO. The reaction process can be chemically represented as 

below: 

 

 



 

 

 

12 

(CH2)6N4 + 6H2O ↔ 6HCHO + 4NH3 

 

NH3 + H2O ↔ NH4
+
 + OH

-
 

 

2OH
-
 + Zn

2+
 → ZnO(s) + H2O 

 

 

 
 

Figure 5. Scanning Electron Microscope (SEM) image of ZnO nanorods 

synthesized by hydrothermal process [54]. 

 

Successful synthesis of ZnO nanorods using different chemical baths and/or 

surfactants have been reported through literature. Li et al. [55] reported the 

hydrothermal growth of highly crystalline ZnO nanobelts with a tapered tip using a 

precursor solution of zinc acetate dihydrate and a surfactant of cetyltrimethyl 

ammonium bromide or CTAB at a pH of 13. The tapered rods had diameters of 80 nm 

at the tip and 400 nm at the bottom. 

 

Hydrothermal synthesis of ZnO nanorods with obelisk shape on substrates of 

glass or quartz were reported by Wang et al. They used precursors of zinc nitrate, 

ammonia and ammonium chloride and obtained rod diameters of 300 to 400 nm. These 

single crystal nanorods were 5μm long.  Figure 6 shows SEM images of these obelisk 

shaped rods grown at a temperature of 95
o
C [56]. Mixing of Zn(NO3)2 with NH3 and 

NH4OH results in the complex ions like Zn(NH3)4
2+

 and Zn(OH)4, which dehydrate to 

start the nucleation process for ZnO crystals on the substrate. Selective addition on polar 

surfaces results in ZnO nanorods. Formation of ZnO crystals using Zn (NO3)2 with 

ammonia can be chemically represented as below. 

 

NH3 + H2O   NH3.H2O   NH4 + HO
-
 

 

Zn
2+

 + NH3 → Zn(NH3)4
2+

 

 

Zn(NH3)4
2+

 + OH
-
 → ZnO 
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Or, Zn
2+

 + OH
-
 → Zn(OH)4

2-
 

 

Zn(OH)4
2-

 → ZnO 

 

 

Figure 6. Scanning Electron Microscope images of the array of ZnO obelisk 

shaped nanorods grown on glass substrate [56]. 

 

Successful hydrothermal synthesis of ZnO nanorods had been reported by Li et 

al. without the use of any zinc salt or oxidant or coating of metal oxide layer or template 

[57]. ZnO nanorod array was grown by simply dipping and heating at 80
o
C on a zinc 

foil into a 25% solution of ammonia in water. Ammonia concentrations and growth 

durations were varied as shown in table 2. 

 

Table 2. Ammonia concentrations and growth durations of ZnO nanorods for 4 

different samples as used by Li et al. 
 

Sample Amount of ammonia (gm) Growth Time (hours) 

1 1.5 12 

2 1.5 24 

3 3.5 12 

4 3.5 24 

 

While rod diameters were nearly same for 12 or 24 growth hours at low 

ammonia content (1.5 gm), increased growth time resulted in thicker rods. For high 

ammonia content (3.5 gm), rods did not occur for 12 hours growth duration, while 24 

hours of growth time led to uneven growth with pointed rods. This is shown in SEM 

images in figure 7. 

 

Jiaqiang et al. [58] reported another method for hydrothermal synthesis of ZnO 

nanorods. They used pure zinc powder in lieu of zinc salt with CTAB. The mixture was 

heated at 182
o
C in a steel autoclave with Teflon coating to get 1 μm long rods with 

diameters between 40 to 80 nm. 
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Figure 7. Scanning Electron Microscope images of different nano-structures of 

ZnO on Zn foil with different ammonia concentrations and growth time as is 

mentioned in table 2 above. Samples 1 to 4 are shown in alphabetic order in the 

figure [57]. 

 
 

2.6 Piezoelectric properties of ZnO nanostructures 

ZnO is highly piezoelectric [59] and is found to have the largest piezoelectric 

coefficient among tetrahedral crystals and gives a very high electro-mechanical 

coupling [60]. ZnO nanostructures are also piezoelectric [61], have high elasticity and 

hence can be bent to a large extent [62]. The piezoelectric coefficient is much higher for 

nanostructures as compared to their bulk wurtzite structure. It was found to be much 

higher for low frequencies as compared to high frequency of vibration. This was proved 

by piezo-response force microscopy done using an AFM tip on ZnO nanobelt surface by 

Zhao et al [63]. Figure 8(a) shows the piezoelectric effect on the tetrahedral 

coordination of Zn
2+

 cations and O
2-

 anions of ZnO crystal. As shown a cation is 

surrounded tetrahedrally by 4 anions and the negative charges are centered at the 

tetrahedron centre coinciding with the location of the positive charge. When under 

mechanical strain, the centre of gravity of the negative ions gets distorted, shifting 

position, thereby creating an electric dipole. If all such tetrahedrons have the same 

orientation or such an orientation where mutual cancellation of opposite charges is not 

allowed, the electric charge separation will be multiplied to the macroscopic level. This 

will give us two opposite charges accumulated at two different faces of the deformed 

macrostructure. 
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Figure 8. Affect of piezoelectricity on the tetrahedral coordination of ZnO crystal 

and (b) change in piezoelectric coefficient with frequency for ZnO nanobelt as 

compared to that of bulk ZnO [64]. 

Figure 8(b) shows the piezoelectric coefficient of ZnO nanobelts measured 

experimentally and its comparison with that of bulk ZnO. Depending on frequency the 

effective piezoelectric constant was found to vary from 14.3 pm/V
-1 

to
 
26.7 pm/V

-1
, 

which is far greater than the bulk value of 9.93 pm/V
-1 

[64]. 

ZnO thin films have high piezoelectric coefficient values of 7-8.5 pC/N [65]. For 

nanowires in an optimum diameter range of 45 to 33 nms, the young’s modulus of 

elasticity increases with decrease in diameter due increased surface to volume ratio [66]. 

For too thin or too thick wires it becomes comparable to that of the bulk values [67]. 

The presence of defect states results in lower electromechanical coupling in the 

nanowires beyond this range to result in lower piezoelectric coefficients [68]. Along 

with young’s modulus, the electronic band gap of ZnO nanowires is also increased as 

compared to their bulk values due to quantum confinement. This makes the thinner 

wires less conducting than thicker wires. The increase in piezoelectric coefficient 

depends on the nanowire radius and length and in the increase in surface atom [69].  

The effective piezoelectric constant of a ZnO nanowire does not solely depend 

on the diameter of the wire, mainly because after certain limit the increase in surface to 

volume ratio is compensated for by an increase in wire length [70, 71]. 

Piezoelectric coefficient of nanowires can be calculated considering it a one 

dimensional structure. With number of atoms ‘N’ and super cell volume ‘Vscell’, the 

average atomic piezoelectric coefficient can be defined as, 

ea
33 = e33 x Vscell/N 

Table 3 shows the unrelaxed (D0), relaxed diameters (D), lattice constants (C), 

strain energy (E), band gap (Eg), young’s modulus (E3) and effective piezoelectric 
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constant (ea
33) of different sized nanowires as compared to bulk nanowires as found by 

Xiang et al [72]. 

Table 3. Unrelaxed (D0), diameters, relaxed diameters (D), lattice constants (C), 

strain energy (E), band gap (Eg), young’s modulus (E3) and effective piezoelectric 

constant (e
a

33) of different sized nanowires as compared to bulk nanowires. 

                                    A             B             C             D            E           bulk 

D0 (Å)                       3.66         9.68         15.96       22.27     28.59 
D (Å)                         3.32         9.32         15.61      21.97     28.33 
c (Å)                        5.335        5.302        5.270      5.234     5.215     5.180 
Eg (eV)                      2.40        1.54           1.09         0.85       0.75       0.63 
E3 (GPa)                    363          242           217         189        182        147 
ea33  (10-16 CÅ)      2025       1837         1879        1986     1961     1453 

 

 

The significantly higher piezoelectric coefficient of nanowires is due to large 

surface to volume ratios or larger boundaries as against that of bulk ZnO. The lateral 

lattice constants remaining fixed, when strained along c-axis, there is no free lateral 

relaxation of atoms in bulk ZnO. In case of nanowire elongation or compression along 

c-axis, free boundaries lead to lateral relaxation of atoms.  This makes the effective 

piezoelectric coefficient to increase to  

ea
33 = eb

33 – eb
31 x υ. 

Where, υ = poisson’s ratio = - є1/є3 = - є2/є3 

є1 = є2 = (a – a0)/a0 and є3 = (c – c0)/c0 

a = relaxed lateral lattice constant, when lattice constant of ZnO changes to c. 

eb
31 < 0 because υ > 0 [73], 

and so ea
33 > eb

33 

i.e., the piezoelectric coefficient of nanowire is larger than its bulk form. 

Figure 9 shows relation of effective piezoelectric constant ea
33 of ZnO on wire 

diameter with optimized lattice constant c against its bulk value. It can be seen that the 

effective piezoelectric coefficient does not solely depend on the wire radius if the lattice 

constant is optimized. This implies that the effective piezoelectric constant depends on 

the wire diameter as well as the relative lattice constant at that diameter. But for larger 

diameter nanowires (~20 Å) piezoelectric coefficients have very similar values with or 

without lattice constant optimization. However, for a constant bulk value of lattice 

constant, the increase in effective piezo-electric coefficient with decreasing nanowire 

diameter is linear. 
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Figure 9. Variation in effective piezoelectric constant with increase in wire 

diameter and as compared to its bulk value and (b) how the nanowire is polarized 

when the lattice constant changes [72]. 

The piezo-potential generated across a ZnO nanowire can be significantly 

affected by factors like the magnitude of the applied bending force, dimensions and 

donor concentration. This was theoretically estimated by modeling a ZnO nanowire as a 

cylindrical structure and by applying a uniform horizontal force on its top surface and 

then doing finite element method analysis by Mantini et al [74]. The potential generated 

increases with increase in applied bending force. This is because of enlarged 

polarization due to bigger strain and resulting increase in charge accumulation on the 

nanowire surface. Figure 10 shows the relative change in electric potential generated 

under increasing bending force for ZnO nanowire under FEM analysis. 

 

Figure 10. Piezoelectric potential and the color-plot of the calculated potential with 

increased applied force for F=40 nN to F=140 nN [74]. 

 

The nanowire diameter significantly affects the piezo-potential generated and 

decreases with increase in radius. This can be attributed to the fact that the decrease in 
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radius effectively reduces the applied force. Beyond a certain height the wire dimension 

do not affect the electrical potential generated. This is shown in figure 11 below. 

 

 

Figure 11. Piezoelectric potential for different lengths (200nm ~ 1000nm) on the 

left hand side and piezoelectric potential for different radius dimension ( 25nm ~ 

100nm) of the nanowire on the right hand side with fixed donor concentration (10
17

 

cm 
-3

), temperature (300K) and applied bending force (80nN) [75]. 

Donor concentration should be lower than 10
18

 cm
-3

 to prevent complete 

screening of piezo-potentials generated. When a ZnO nanowire is laterally bent, along 

with the positive and negative charge accumulation on its elongated and compressed 

side respectively, conduction band electrons also gather near the positive side due to 

band gap reduction. This causes partial cancellation between opposite charges. This 

screening effect is significantly low on the negative side because of low donor 

concentration on n-type nanowires [76]. A n-type 600 nm long ZnO  nanowire with a 

diameter of 50 nm and donor concentration of 1x10
17

 cm
-3

 produced a potential less 

than 0.05V in the positive side and a negative potential of -0.3 V when a bending force 

of 80 nN was applied [77]. 

 

Figure 12. (a–c) Tensile test for ZnO nanowire with a diameter of 20 nm. High 

resolution SEM image of the nanowire used for this test is shown in inset of (a) 

SEM image showing that fracture occurs on the NW when the load offers a tensile 

force of more than 3.05 µN [78]. 
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Mechanical properties of piezoelectric structures are important from a design 

and reliability context. The elasticity and tensility are important factors to make the 

devices more reliable. ZnO nanowires also display improved resilience than their bulk 

counterparts. They show increased stretching and bending strengths for decreasing 

diameters between 80-20 nms. Figure 12 shows the SEM images of a ZnO nanowire 

with a diameter of 20 nms being subjected to tensile test and it was found that this 

particular nanowire could easily sustain a tensile force of up to 3.05 µN. This makes 

them very favorable for piezo-potential generation applications. It ensures that these 

nanowires can be subjected to high deformation forces and can be repeatedly used for 

energy harvesting, without breaking them.  

 

Figure 13 shows the same nanowire under buckling test. The critical buckling 

force was reported to be 62 nN [78]. For ultrathin diameters also (0.7 – 1.1 nm) ZnO 

nanowires show increase in stress-strain relation, yielding stress and Young’s modulus 

with decreasing size [79]. 
 

 

Figure 13. (a) Plot of variation of applied force on the nanowire against the axial 

displacement, (b–e) SEM images of a nanowire under continuously increasing 

compressive load high showing the modulus of elasticity of the nanowires. A 

nanowire of a diameter of 20 nm could withstand a force of 62nN [78]. 

 

2.7 Principle of piezoelectric generation in ZnO nanowires 

 

Piezoelectric properties of ZnO nanowires have been studied and reported for 

the generation of piezoelectric voltage. Some of the reported literatures in this direction 

are described below along with the physics involved in the generation process.  

A report by H.J. Xiang et al. [14] deals extensively on the study of the 

piezoelectric properties of ZnO nanowires. In this work, they studied the piezoelectric 

properties of ZnO nanowires upto a diameter of 2.8 nanometers. They found that due to 

their free boundary or augmented surface to volume proportion, ZnO nanowires have 

superior effectual piezoelectric constant as compared to bulk ZnO. The piezoelectric 

constant does not exclusively depend on the diameter of the wire, mainly because after 

certain limit the augmentation in surface to volume ratio is compensated for by an 

extension of wire length. This increase in piezoelectric force as compared to bulk ZnO 
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was also reported by Zhao et al. [80] which was also confirmed by Fan et al. [81] for 

ZnO nanowires of diameter of the order of 300nm. 

A strain field is produced when a vertical ZnO nanowire is mechanically 

deflected. The outer surface of the nanowire is stretched as a result of the deflection and 

the inner surface gets compressed. This results in an electric field along the z direction 

of the nanowire. If ‘d’ is the piezoelectric coefficient along the nanowire, the electric 

field is given by, Ez = Ɛz/d. At the outer surface, a piezo-potential voltage is generated 

parallel to the z axis and anti parallel in the inner surface. At the tip, the electric 

potential approximately varies from Vs
-
 at the compressed side to Vs

+
 at the stretched 

side. Relative displacement of the Zn
2+

 ions with respect to O
2-

 ions creates a potential 

difference, which can recombine only after releasing the strain. Hence, the potential 

difference remains as long as the deformation remains and strain field increases with the 

amount of bending [82].  

Figure 14 shows the variation of the permittivity, the electric field and the 

generated voltage across the length of the ZnO nanorod when subjected to deformation. 

The compressed side of the ZnO nanorod develops negative potential with respect to the 

base of the rod while the elongated side develops positive potential. 

 

 

 

Figure 14. Piezoelectricity generation in a single ZnO nanowire 1 μm long and 100 

nm diameter as obtained by finite element simulation: (A) A vertically standing 

nanowire in reference with describing coordinates (B) when bended by the AFM 

tip, a strain εz is developed in the longitudinal direction (C) The electrical field Ez, 

developed due to the mechanical strain (D) Distribution of generated potential in 

the nanowire as a result of mechanical deformation [83].  

 

 

If an external resistance is connected as load during a contact mode scanning of 

aligned ZnO nanowires, maintaining a constant force between sample and metal coated 

AFM tip, an output voltage could be measured to observe sharp voltage peaks due to 

generated piezo potential.  

Wang et al. [83] used an AFM tip to deform a single ZnO nanowire 

mechanically and measure the electricity generated. Initially the AFM tip has a near 

zero potential. When it is in contact with the stretched side of the nanowire, the Pt-ZnO 
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potential is negative. A Schottky barrier contact is achieved with reverse bias between 

the metal tip and the n type semiconducting ZnO tip. No current can flow across the 

metal semiconductor interface. When the AFM tip gets in touch with with the 

compressed side of the nanowire, there is positive potential difference between the 

Schottky diode contact is forward biased and hence there is a sudden increase in output 

current due to flow of electrons from the semiconducting ZnO to the AFM tip. Figure 

15 shows the SEM image of the nanowire array and the schematic arrangement of the 

measurement setup using AFM tip and the voltage developed due to AFM tip scanning. 

 

 

Figure 15. (a) Scanning electron microscopy (SEM) images of aligned ZnO NWs 

grown on an α-Al2O3 substrate. (b) Experimental setup for generating electricity 

through the deformation of a semiconducting and piezoelectric NW using a 

conductive AFM tip. The root of the NW is grounded and an external load of RL = 

500 MΩ is applied, which is much larger than the inner resistance RI of the NW. 

The AFM tip is scanned across the NW array in contact mode [83]. 

 

 

ZnO film on an alumina substrate was used to grow aligned zinc oxide 

nanowires. The AFM tip was made of silicon with a platinum coating and was used for 

deflecting nanowires and making measurements. A steady force was retained between 

sample and tip while the scanning was done in contact-mode over the ZnO nanowires. 

The tip altitude was attuned according to the morphology of the nanowire surface and 

local contact force. An external resistance of 500 MΩ was connected as the load and 

output voltage across it was constantly observed during the scanning without applying 

any external voltage. Feedback signal from the scanner and the output voltage (VL) were 

recorded simultaneously as the AFM tip scanned over the nanowire array. Many sharp 

output peaks were observed, typically 4-50 times higher than noise peaks, which were 

registered directly at nanowire sites. 

2.8 Electronic properties of ZnO nanowires 

 

 ZnO can easily be made n-type, if excess Zn is put in it, or by doping it with Al, 

Ga or In etc [84] and [85]. However, making it p-type is one of the most difficult tasks 

to be achieved and hence is an obstacle towards fabrication of nanosized electronic 

devices using semiconducting ZnO. He et al. [86] found an alternative approach to 
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doping ZnO with p type material for building a ZnO diode. They exploited the 

semiconducting piezoelectric properties of ZnO and used an n type single ZnO 

nanowire to produce a p-n junction. The conductivity was achieved by bending a single 

ZnO nanowire, such that the potential barrier induced by piezoelectricity across the bent 

nanowire governs the electrical transport.  

The piezoelectric gated diode made using a two probe technique used a 

manipulator making a two terminal connection to a single ZnO nanowire. Only one side 

of the bent NW was in contact with the probe. While one probe fixes one end, the other 

probe bends it from the other end. I-V characteristics were measured by applying a 

voltage of -5 to +5 Volts. As seen in figure 16, with initial contact with electrode an 

ohmic contact is achieved. With increase in bending of the nanowire, the reverse current 

dropped significantly, while forward current was found to be the same. Thus 

rectification effect was observable and a rectification ratio as high as 8.7:1 was 

achievable with an applied voltage of +/- 5V. A reverse current as high as -6.6 µA was 

achieved at an applied voltage of -5 V. 

 

 

Figure 16. (a) Diagrammatic representation of the in-situ nano manipulation of a 

single ZnO nanowire for I-V measurement. (b-e) Scanning electron microscope 

images of the ZnO nanowires forsequentially increased bending angles with the 

corresponding I-V characteristics. (f) FEM representation of piezoelectric 

potential distribution in a bent nanowire. (g) Energy barrier formed at the probe 

tip-NW interface as a result of the piezoelectric potential (V+) at the stretched side. 

(h) Current flow when forward biased. (i) Current flow when reverse biased [86].  
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This high rectification effect can be attributed to the piezoelectric effect of ZnO 

nanowires. When a mechanical force is applied to the nanowire a strain field is created 

across it such that outer surface which is stretched has a positive strain and the inner 

surface which is compressed has a negative strain. Strain field increases with the 

amount of bending. An electric field is created as a result of this strain due to charge 

separation of Zn
2+ 

and O
2-

, and due to inherent non central symmetry of ZnO an electric 

field is established across the nanowire parallel to its z-axis along its surface. The 

density of separated charges increases with the degree of bending. These separated 

cations and anions can recombine only when the strain is released. Thus, there is a 

positive potential built at the stretched side and a negative potential at the compressed 

side. This creates a potential barrier and is maintained as long as the deformation is 

there. However, when forward biased, the applied voltage helps the electrons to flow 

through the circuit and when reverse biased the applied voltage adds to the potential 

barrier and hence blocks the flow of electrons in the external circuit. Thus a single 

nanowire subjected to mechanical bending works as a gated rectifier or diode, with the 

nanowire bending tip working as the gate electrode.  

Figure 16 (a) and figure 16 (b-e) show the bending of the piezoelectric ZnO 

nanowire and the change in current voltage characteristic with bending while figure 16 

(f) shows change in potential energy of the nanowire affecting a forward and reverse 

bias condition, resulting in rectification.  

Park et al. reported the building of a Schottky nanocontact by growing a metal 

gold contact by evaporation on top of vertically well aligned semiconductor ZnO 

nanorods which were grown by non catalytic vapor phase epitaxy [87] and [88]. I-V 

characteristics of only ZnO nanorods and Au/ZnO MS Schottky diode were measured 

using current sensing AFM. It was found that, the heterostructure of Au/ZnO was giving 

much improved electrical characteristics. The reverse bias breakdown voltage was 

improved from -3 to -8 V as compared to the ZnO structures. The arrangements, 

schematic and IV characteristics for ZnO and Au/ZnO are shown respectively in figures 

17 (a) and 17 (b). 

 

 

 

 

 

 

 

 

 

Figure 17. (a) Schematic and arrangement of ZnO nanocontact and I-V 

characteristic of ZnO nanocontact (b) Schematic and arrangement of ZnO/Au 

nanocontact and I-V characteristic of ZnO/Au  nanocontact [87]. 
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2.9 Piezoelectric power generating devices using ZnO 

 

A single nanowire can act as a diode and under mechanical strain can pass the 

charges generated to an external circuit under favourable conditions. It conducts in one 

direction only as metal/ZnO contacts mostly result in metal-semiconductor Schottky 

contacts, giving unidirectional flow of current in the external circuit. In certain cases, 

ohmic contacts can be established for bi-directional flow of current in external circuits 

associated with it. 

The current and power produced by a single nanowire are not enough for real 

devices. The integration of large number of nanowires had been done in an effort to 

increase the output power. Key issues for harvesting piezoelectric energy included the 

simultaneous generation of piezoelectric potential in a large number of nanowires, the 

extraction of that energy with a suitable electrode and the application of the same to an 

external load.  

A study by Falconi et al [89] using finite element methods on the piezopotential 

energy extraction from bent ZnO nanowires revealed the integral relation of the contact 

points on the nanowires to the efficient attraction. For horizontally applied force on 

vertically standing nanowires, size of the contact at the tip of the wire was found to be 

important.  A large contact at the tip reduces the charge transfer significantly and a 

small top contact helps in transferring almost the entire potential into an external circuit. 

Efficient extractions are achieved with bottom left grounded and output taken from 

either between bottom right and bottom left or between top and bottom right while 

output efficiency decreases significantly when bottom centre is grounded and output 

taken from bottom left and bottom right. Efficient results are also obtained for contact 

positions where bottom left is grounded and output taken from top and bottom left and 

or top and bottom right with bottom left grounded. 

 

If however, the force is vertically on a standing nanowire, the energy extraction 

is not dependent on contact positions and gives out a nominal output voltage. In case of 

laterally packaged nanowires, a stretching force gives a nominal output voltage. It is 

also found that by integrating the wires close to each other in the form of a wall could 

be done to increase the output current. 

 

Since the potential developed in a strained nanowire is maximum at the side tips 

and remains as long as the wire is under strain, it is important for the top electrode to 

touch the wires at their tips while in deformed state. A zigzag silicon electrode with a 

metal layer can serve this purpose as is shown in figure 18. Subjecting such an 

arrangement on a 2 mm
2
 area to ultrasonic vibrations of 41 KHz resulted in an output 

current of few nano amperes [90]. However, this arrangement showed a steady current 

when energized by an external voltage source, and this steady current showed a sudden 

increase in magnitude, once it was subjected to ultrasonic waves. The rise in energy was 

found to be constant for about a period of one hour. The same experiment when 

repeated with CNTs did not give an increase in current, which meant that CNT’s unlike 

ZnO did not have piezoelectricity generation capacities. 
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Figure 18. (A) Schematic diagram showing the design and structure of the 

nanogenerator built using ZnO nanowires and platinum coated Si zig zag electrode 

(B) Cross-sectional SEM image of the nanogenerator, made of aligned ZnO 

nanowires and the platinum coated Si zig zag electrode [90]. 

ZnO nanowires can act as piezoelectric energy scavengers not only at high 

frequencies but also at frequencies as low as 10 Hz. This was achieved by growing 

radial ZnO nanowires of diameters 50~200nm and about 3.5µm height on two Kevlar 

129 fibres [91], which are lightweight, high-performance, and high-tenacity type of 

yarns used in motorcycle racing gear, life protection accessories, ropes and cables, and 

high-pressure hoses used in the oil and gas industry [92].  A 300nm thick Au layer 

coating was applied on the ZnO nanowires on one of the polyamide fibres. The two 

fibres were then entangled and moved so that the nanowires brushed across each other 

and piezoelectric energy was generated by the nanowires without a gold coating due to 

inherent piezoelectric nature of the ZnO nanowires. The ZnO nanowires with Au layer 

coating however couldn’t generate piezoelectric energy as they are very stiff due to the 

coating and could not be bent by the applied mechanical force. With the metallic gold 

coating, it acted as an electrode for collecting and transporting charges through an 

external electrical measurement circuit. The schematic of the arrangement is shown in 

figure 19. 

 

Figure 19. Schematic arrangement for energy generation with radially grown ZnO 

nanowires on polyamide fibers [91]. 

Every time the negative potential is picked up by the gold coating on the other 

ZnO wires and a current of about 5pA is found to be flowing in the external circuit. If 

the stretching direction is reversed, the direction of current changes and as result 
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bidirectional current can be made to flow in the external circuit by changing the 

stretching direction. The open circuit voltage measured was found to be about 1~3mV. 

It was found that the short circuit current could significantly be multiplied by increasing 

the number of fibers used. The current generation mechanism is explained by 

schematics in figure 20. 

 

 

 

Figure 20.  Schematics showing the generation and tapping of piezoelectric current 

by entangling flexible fibers with radially grown ZnO nanowires [91].  

In order to increase the voltage and power outputs, a large number of nanowire 

energy harvesters are to be integrated and aligned and their charging/discharging 

processes synchronized. Vertical and lateral alignment of nanowires in structured array 

could be used to generate sufficient power to drive real devices. 700 rows of nanowires 

were integrated to produce a peak voltage of 1.26V, sufficient to drive an ‘AA’ battery 

by Xu et al [93].Vertical integration of 3 layers of nanowires produced an output 

voltage upto 0.243V and an output power density of 2.7mW/cm
3
. The specialty of this 

high output device was that the nanowire ends were solidly bonded to the electrodes. 

The vertically integrated system was used to power a pH sensor and UV sensor. The 

vertical integration scheme and the output voltages are shown in figure 21. 

Lateral integration of nanowires was done to add a.c. voltages constructively for 

high output. Aligned nanowires were fabricated parallel to the surface and 700 such 

nanowires were integrated with a schottky contact on one side. This led to an output 

voltage of 1.26 V with a maximum current of 28.8 nA. If highly aligned nanowires are 

subjected to external forces simultaneously, each nanowire develops potential gradient 

across its c-axis. Because the c-axes of the nanowires were well aligned in parallel, the 

generated piezo-potentials were distributed in a similar manner and along the same 

direction as they were subjected to a uniform strain uniaxially. This led to enhanced 

macroscopic piezo-potential generation.  
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Figure 21. Integrated nanogenerator schematic with vertically aligned ZnO 

nanowires on gold coated flat surface. Both electrodes being separated by PMMA 

layer. A platinum-coated flat electrode is placed on top of the nanowires. The SEM 

image of the nanowire array immersed in PMMA with tips exposed greatly 

improving the robustness of the structure and the corresponding voltage of the 

system generated due to exposure to mechanical forces [93].  

 

Figure 22 shows the schematic, voltage generated, current generated and SEM 

micrograph of the lateral integration of nanowires for improved piezoelectric output. 

 

 

 

Figure 22. Integration of laterally aligned nanowires. Schematic, voltage 

generated, current generated and SEM micrograph (clockwise) [93]. 
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2.10 Piezoelectric power generation on flexible substrate using ZnO nanorods 

 

The substrates on which ZnO nanowires are grown are usually hard and brittle. 

Use of flexible substrates to have piezoelectric ZnO nanowires would mean that the 

nanowires could be deformed by bending the substrate. If the flexible substrates are 

made conductive, then they could be used in systems requiring foldable power sources 

like foldable electronics or even wearable or implantable biomedical devices for human 

body. If the substrate used is a plastic, they could be lightweight, flexible and economic, 

and if polymer is used then they would be biocompatible as well as biodegradable. Also 

it would be capable of harvesting energy from environmental vibrations or human body 

movements like breathing, blood flow, physical actions or movement etc [94].  

The first successful piezoelectric nanogenerator on flexible substrate used 

vertical nanowires and was reported by Gao et al. ZnO nanowires were synthesized on 

conductive plastic substrate. The density and distribution was controlled using a catalyst 

according to a predetermined design. The adhesion of nanowires on substrate was 

improved by spinning a thin layer of polymer on the substrate after wire growth and 

their roots were partially embedded. Electrical energy generated from this setup using 

an AFM tip was found to be ~20mV, at a power density of 1-2 pWµm
-2

 or 0.1-0.2 

mWcm
-2

 [94]. A maximum of 5 pW power could be attained at an output voltage of 45 

mV with this nanogeneration setup.  

Figure 23 shows the detailed images of the vertical ZnO nanowires grown on 

flexible substrates. 

 

Figure 23. (a) Top view of ZnO wires on plastic substrate through scanning 

electron microscope image. Close up SEM image showing the vertical alighnment 

of the rods with diameters of nearly 2 microns on inset, (b) voltage generated 

through AFM tip scan after bending (SEM image of bent wires shown on inset), 

(c)SEM image of the nanorods after  addition of PMMA layer with an enlarged 

view inset and (d)The AFM voltage output profile [94]. 

 

Though the piezoelectric nanogenerator described above had a flexible substrate, 

substrate bending was not used for energy generation purpose. Instead AFM tip was 
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used for bending the nanowires. Choi et al reported fabrication of mechanically 

powered fully integrated transparent flexible charge generating nanodevices with 

piezoelectric nanorods which could be used as pressure sensors. ZnO nanorods were 

grown on flexible ITO coated polyethersulfone or PES substrate and top electrodes 

made of palladium gold and indium tin oxide coated flexible substrates were used, thus 

making it fully flexible. Figure 24 shows the schematic of the device with SEM image 

of ZnO nanorods, the final sealed device and transparency. With a size of 3 cm
2
 such a 

device generated a current density of 
 
~1µA/cm

2
 when subjected to a mechanical 

pressure of 0.9 Kgf and hence acted as a pressure sensor [95]. 

 

 

Figure 24. (a) Fully integrated transparent piezoelectric device (SEM image if ZnO 

nanowires on inset), (b) flexibility test and (c) transparency test [95]. 

In case of foldable piezo-energy harvester, maximum deformation would be 

imparted on to the ZnO nanowires by placing the nanowires on the bendable substrate 

laterally and not vertically. A single nanowire power generator can be made flexible to 

get improved stability, mechanical robustness, lifetime and environmental impact. This 

can be done by packaging a nanowire on a flexible substrate and attaching firmly to 

metal electrodes at both ends. Piezopotential could be generated by bending and 

releasing the thin flexible substrate of insulating wax. This mechanical strain induced 

results in electron flow in an external circuit. The current remains as long as the wire 

remains deformed.  

Yang et al [96] reported a flexible nanaogenerator prepared by laterally bonding 

a piezoelectric fine wire of ZnO on a Kapton Polyimide film, with the help of silver 

paste. Schottky contacts were created at the two edges of the wire which prevents the 

electrons from flowing through the nanowire and facilitates conduction in the external 

circuit, when stretched. Output voltage values as high as 50 mV could be achieved from 

a single nanowire. Since the nanowires had much thinner diameters (~4 microns) as 

compared to the substrate thickness (~ 200 microns), bending of the substrate led to 

tensile stress across the axis of the NW. As ZnO is a piezoelectric material, a 

piezoelectric field is created along the length of the stressed NW, generating a positive 
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potential on the stretched side. This results in a flow of charge carriers in the external 

circuit, while the schottky contacts at the ends stopped the carriers from flowing in the 

opposite direction or through the NW. On the other hand, releasing of the substrate 

resulted in an opposite polarity along the NW, giving rise to alternating voltage 

generation in the output circuit. Figure 25 shows the schematic arrangements for the 

single wire nanogenerator on flexible substrate, mechanical bending, measurement set 

up and packaging setup. 

 

 

Figure 25.  (a) A piezoelectric fine wire or PFW on a kapton substrate. The ends of 

the PFW are held to the substrate and connectors to the measurement system, (b) 

The PFW is bent by bending the substrate to generate piezo-potential which drives 

a current in the external circuit and (c) Two PFWs are connected in a series 

connection and arranged on a kapton substrate as a single wire and bending is 

applied as the previous case for generation of piezo-potential [96]. 

 

These piezoelectric fine wire nanogenerator on flexible substrate have sizes 

much larger than a regular ZnO nanowire. A PFW have a diameter of approximately 4 

microns and heights of 200 microns and could generate an output voltage of 20~50 mV.  

 

By making an array of such lateral ZnO nanowires higher output voltages 

capable of driving small commercial electronic equipments were produced by Zhu et al 

[97]. Open circuit voltage of 2.03 V and peak output power density of 11mW/cm
2
 was 

produced by forming horizontally aligned arrays and depositing parallel electrodes to 

connect them. The energy generated was stored using capacitors and used to light up 

commercial LEDs. It was predicted that with further optimization of NW density on the 

substrate and integrating many layers of these arrays could give outputs of 0.44 

mW/cm
2
 and volume density of 1.1mW/cm

3
. Figure 26 shows the schematic, depicting 

the working principle of this nanogenerator. 
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Figure 26, The high output nanogenerator or HONG. (a) The schematic showing 

HONG structure under normal state. Gold contacts are used to form schottky 

contacts with the ZnO NW arrays. (b) Schematic showing the generation of electric 

potential under deformation of the and subsequently stored in a capacitor [97].  

 

Lee et al [98] demonstrated a fully stand-alone, self-powered device which 

could sense presence of Hg
2+

 ions in water solution powered by ZnO nanowire array on 

kapton flexible substrate. Another kapton film coated with a thin layer of gold was used 

as the electrode. Mechanical bending of this nanogenerator resulted of an output voltage 

of about 350 mV and a current density of about 125 nA cm
-2

. This was used for sensing 

mercury ions in water with the addition of a rectifier circuit and a capacitor for charge 

storage. 

 

Although plastic substrates are very useful for flexible piezotronics and promises 

to be the major substrate materials for self powered systems, it has been found that 

recently used materials like polyethylene terephthalate (PET), polyethersulfone (PES) or 

polyethylene naphthalate (PEN) do not have high thermal stability. This is mainly due 

to the differences in coefficients of thermal expansion between the polymer substrates 

and the inorganic layers on them. As a result, thermal stresses are induced among 

between the different layers as the temperature increases which eventually leads to 

unstable electrical outputs.  Hence, for better thermal stability of these systems, 

cellulose based substrates can be used. This substrate is easily available, light and can 

provide the much needed flexibility [99]. 

2.11 Nanogenerators using other materials 

 

While ZnO nanowires had been the principal material for exploitation of 

piezoelectric energy generation, some other ceramic crystals and polymer materials that 

had been used for same purpose at the bulk level and has been demonstrated to give 

good power generation at atomic scales as well. Nanogenerators built using nanofibres 

of PZT, PVDF have been reported and are attracting research attentions [100]. In this 

section, the various efforts for energy harvesting using such materials for different 

devices and self powered systems are discussed. 

 

The most common ceramic material used for piezoelectric energy harvesting is 

lead zirconium titanate or PZT [101]. It has exceptional piezoelectric properties. 

However, to enhance piezo-electric properties of PZT, it needs to be annealed at high 

temperatures of more than 600
o
C [102]. Also, the energy conversion efficiency of PZT 



 

 

 

32 

nanofibres is low because of a complex manufacturing process that leaves the 

nanofibres diluted [103]. Another material used for nano scale energy harvesting is a 

polymer poly(vinylideneflouride) or PVDF [104]. Organic nanofibres of PVDF are 

lightweight, flexible, bio-compatible and can be produced in different sizes and shapes 

[105]. PZT comes with an inherent polar crystalline structure like ZnO while PVDF 

needs to be converted from a non-polar α-phase to a polar β-phase by applying an 

electric field through a process called poling. The resilience of PZT increases with 

decrease in size, countering the problem of fragility associated with it as compared to 

PVDF. Figure 27 shows schematically the atomic arrangements of these materials. 

 

 
 

Figure 27. (Left) Schematic of the non-polar crystal structure of PZT and (Right) 

the schematics of the non-polar and polar structures of PVDF [106]. 

 

2.11.1 Nanogenerators using PZT 

 

Lead zirconate titanate (PZT) has been used for piezoelectric energy generation 

in the macro scale. PZT nanofibres are found to have higher piezoelectric voltage 

constant than semiconducting nanowires due to non-polar crystal structure and high 

dielectric value and can be synthesized with very high aspect ratio. However, bulk PZT 

and its thin films are extremely fragile and are not useful for energy generation under 

alternating loads. They are found to be very sensitive to high frequency. The problem of 

fragility however disappears for high aspect ratio nanostructures [107, 108].  

 

Chen et al demonstrated the possibility of harvesting piezoelectric energy using 

PZT nanomaterials. PZT nanofibres with length and diameter of 500 µm and 60 nm 

respectively were laterally aligned on platinum fine wire interdigitated electrodes and 

packaged using soft polymer of polydimethylsiloxane or PDMS on a silicon substrate. 

Under periodic stress application, this nanogenerator produced a voltage of 1.63 V and a 

power of 0.03 µW at a load resistance of 6MΩ [109]. Figure 28 shows the schematic 

arrangement of PZT nanofibre based nanogenerator, the piezoelectric voltage generation 

process and measured voltage generated as a result of applied force. 
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Figure 28. Schematic arrangement of PZT nanofibre based nanogenerator, cross 

sectional schematic representation, schematic showing the distribution of forces for 

piezoelectric voltage generation and power output mechanism when pressure is 

longitudinally applied from top surface and voltage generated as a result of applied 

force (clockwise) [109]. 

 

Xu et al demonstrated how epitaxially grown PZT nanowire arrays could be 

used for high output piezo-energy harvesting and the possibility of using such energy 

harvesters for mobile electronic devices. A single array of such nanowires grown at 

230
o
C produced a peak output voltage of ~0.7V and a current density of 4µAcm

-2
 with 

an average power density of 2.8 mWcm
-3

. The alternating current generated was 

rectified and stored and used for lighting up commercial laser diode [110]. 

 

Wu et al reported a textile nanogenerator built using PZT nanowires that could 

be used for wearable and self-powered devices. A generator thus built could generate an 

output voltage of 6V and produce a current of 45 nA. The nanogenerator built cost 

effectively was demonstrated to light a commercial LCD and power a ZnO nanowire 

UV sensor for quantitative detection of UV light [111]. 

 

2.11.2 Nanogenerators using PVDF 

 

For the first time, polyvinylidene fluoride or PVDF nanofibres were directly 

written using near-field electrospinning process by Chang et al. Piezoelectric properties 

were produced and tested by electrical poling and in situ mechanical stretching. 

Repeatable and consistent electrical output voltages upto 8.5 mV with an output power 

of 7.2 pW were achieved under mechanical stretching of a single electrospun PVDF 

nanofibre. The energy conversion efficiency was found to be much higher than PVDF 

thin films [112, 113]. 
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Hansen et al demonstrated a hybrid nanogenerator made of a piezoelectric 

nanofibre of polyvinylidene fluoride (PVDF) for mechanical energy harvesting and a 

flexible bio fuel cell for harvesting biochemical energy in biofluid, both devices capable 

of working independently or simultaneously. This hybrid nanogenerator was used to 

drive a single nanowire based UV sensor to build a self powered system. Figure 29 

schematically illustrates the working principle of this device and the measured voltages 

for the same [114]. 

 

 

 

Figure 29. Integration of the hybrid BFC-NG device with a UV nanosensor to 

demonstrate a “self-powered” nanosystem. (a) Voltage drop across the ZnO NW 

UV light sensor when the UV light is off and on. For illustration purposes, only 

stabilized signals are displayed. (b) Schematic illustration of the self-powered 

hybrid nanosystem [114]. 

 

2.11.3 Nanogenerator using barium titanate 

 

The most recent material to be reported for piezoelectric power generation is 

perovskite BaTiO3, which is not only piezoelectric but also ferroelectric. Park et al 

demonstrated the use of BaTiO3 thin films on a flexible substrate for conversion of 

mechanical energy to electrical energy for the first time. They used radio frequency 

magnetron sputtering to deposit BaTiO3 thin films under an electric field of 100 kV/cm 

on a Pt/Ti/SiO2 substrate. The ribbon structured thin films were transferred onto a 

flexible substrate by using standard microfabrication and lithographic printing 

techniques and connected by interdigitated electrodes. By applying a periodic bending 

force the nanogenerator produced an output current density of 0.19 μA/cm
2
 and a power 

density of ~7 mW/cm
3
.  Figure 30 shows the schematic of the fabrication procedure of 

the nanogenerator [115].  
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Figure 30. Schematic diagram showing how the flexible nanogenerator using 

BaTiO3 is fabricated on plastic substrates [115]. 

 

 

 
 

Figure 31. The distribution of generated piezo-potential in a barium titanate thin 

film using FEM calculations.  As the substrate is bent  more than 90°, such that the 

bending angle has a distance of 1 cm from the centre of the circle formed by the 

bending, it is assumed that a purely tensile force acts on the thin film.  A maximum 

voltage of 0.529V was found to be developed at the surface of the BaTiO3 thin film 

due to this deformation [115]. 

Analysis of piezo potential distribution was done for the thin film. The results 

obtained are shown in figure 31. It was found that when stretched from both ends, the 

potential increased from the bottom of the thin field (at 0 V) which is connected to the 

substrate to a maximum of 0.529 V at the topmost layer.  
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2.12 MEMS devices for piezoelectric power scavenging 

Research is going on for MEMS scale power generators to convert low 

frequency vibrations of piezoelectric micro structures for generation of electric power. 

These can be fabricated by MEMS based piezoelectric cantilever structures for 

harvesting vibration energy using micro-fabrication techniques like functional film 

preparation and patterning, bulk silicon micromachining, structure release and mass 

assemblage. For an applied force as a MEMS support structure, cantilever offers 

commendable yield. 

2.12.1 Piezoelectric micro power generator (PMPG) 

MEMS based devices had been used for piezoelectric energy harvesting too. We 

look into some of the MEMS based devices reported for piezoelectric energy harvesting 

at the micro scale.  

Fang et al. [116] reported the fabrication of a composite micro-cantilever, made 

of an upper piezoelectric thick film of piezoelectric material, with a lower non-

piezoelectric element (silica) sandwiched between two metal pairs of metal electrodes 

of platinum and titanium. An additional metal mass (nickel) is added at the tip of the 

free end to decrease the natural frequency of the system so that it can be applied to low 

frequency vibrations. Figure 32 shows the schematic arrangement of the PMPG. 

 

 

 

Figure 32.  Cross-sectional sketch of piezoelectric micro power generator [116]. 

Environmental vibrations get transferred to the base frame and some parts of the 

device move relatively to the base frame. This relative displacement causes stress of the 

piezoelectric film. As a result charge voltage accumulates proportional to the induced 

relative stress. For maximum power generation, the micro generator should be designed 

in such a way that resonant vibration is achieved. Natural frequency of structure is given 

by (ω = √k/m ). Since, natural vibrations lie in the low frequency ranges, the natural 

frequency of the power generator can be manipulated by varying structural dimensions 

of the moving parts, i.e., stiffness (k) and mass (m). Figure 33 shows the test setup for 

the PMPG. 
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Figure 33. Experimental setup for device testing of PMPG [116]. 

 

 

The generator acting as an AC generator measures a voltage output of 898 mV 

peak to peak at system natural frequency of 609 Hz which is shown in figure 34. The 

voltage generated however is not enough to be suitable for practical applications and 

hence improvement scope still remains. 

 

 
 

Figure 34. Voltage measured at the output of the nanogenerator [116]. 

 

2.12.2 Output power improvement for piezoelectric micro generators 

 

Roundy et al. [117] reported piezoelectric power scavengers based on a two 

piezoelectric layers mounted on a cantilever beam, with a metal layer in between for 

robustness. The two layers are composed of piezoelectric material. Bending the beam 

downward produces tension in top layer and compression in bottom layer generating 
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voltages across each layer. Connecting the layers in series results in addition of these 

voltages and connecting them in parallel give increased current. When vibration occurs, 

AC voltage is generated, giving an output power capable of driving an external load.  

 

 

 

Figure 35. Schematic showing a double-layer of piezoelectric material with a metal 

layer in between built up to form a cantilever. Upon bending tension or strain in 

created in the top layer of the beam, and the bottom layer is compressed [117]. 

 

2.13 Piezo-energy generation at nanoscale in a nutshell 

 

Conventional power sources or batteries cannot be integrated with micro/nano 

systems and need periodic replacement or recharge. Also, they can get very bulky in 

size and weight as compared to the parent device. So, piezoelectric energy harvesters 

which promise to be a solution to such power problems were looked into.  

Wireless devices may allow in situ, real-time biomedical monitoring, but such 

devices still require a power source. Ideally, such devices should be self-powered rather 

than use a battery. The human body provides numerous potential energy sources – 

mechanical energy like body movements, muscle stretching, blood pressure etc and 

hydraulic energy like blood flow, blood vessel contraction etc.  Nature also is abundant 

with vibration energy in the form of acoustics, ultrasonics and hydraulic energy like 

dynamic fluids etc.  

 

In depth analysis was done for the technology of piezoelectric nano structures 

used for the generation of piezo-potential, to convert it to electrical energy and its use 

for developing self powered nanosystems. The efficient conversion of this energy into 

electric energy at the macro scale is a challenge. Objective research in this direction is 

gradually leading us towards such power sources and a future of integrated nanosystems 

with greatly reduced sizes for optoelectronics, biosensors, resonators, medical 

electronics etc is observed. Self powered devices for in situ implantation for biosensing, 

biomedical monitoring, diagnostics and therapy were also investigated into and 

successfully demonstrated. 
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Piezoelectricity is naturally available in certain ceramics and crystals. Certain 

polymers have also been used for piezo-energy harvesting. Explorations into the various 

materials being used till date for energy harvesting at micro and nano scales were done. 

Though ZnO is the most widely used crystal material for this purpose, some ceramics 

and polymers have also been used for the same. PZT is the most widely used ceramic 

material while a polymer material PVDF has been used too. BaTiO3 is the most recent 

material being used for piezo energy harvesting.  

The relative merits and de-merits of different materials as seen through different 

research works, are discussed below. 

Ceramic materials like PZT or BaTiO3 have high piezoelectric sensitivity and 

coupling coefficients. They are available commercially at low costs and variety of 

designs. However, stability is an issue for them as they suffer from loss of polarization 

on continued usage. The piezoelectric properties also strongly depend on the operating 

temperatures. Electrical charge separation can occur not just for mechanical 

deformation, but due to temperature change as well. These are brittle substances; hence 

cannot withstand mechanical deformations for long. 

Piezoelectric single crystal materials (ZnO) are easily synthesized in required 

sizes and shapes and very economically too. They have high piezoelectric coefficient 

and electromechanical coupling. ZnO is highly tensile and hence can undergo huge 

mechanical deformations for a long period of time. The piezoelectric properties are not 

temperature dependent and hence can be operated under higher temperature 

environments.  

Polymers, on the other hand, are not inherently polarized and undergo 

polarization with the application of external field under special environment. But 

because of their properties of light weight, flexibility and biocompatibility, they are 

being seen as potential wearable and foldable energy harvesters for various biomedical 

applications and are attracting research. 

ZnO nanowires had been the most widely used material for nano energy 

harvesting. It was found out through the reported research works done till now and 

referenced above that for nano energy harvesting, ZnO holds the following advantages 

over other materials: 

 

• ZnO is a versatile metal oxide semiconductor material with inherent 

piezoelectricity and semiconducting properties. 

•  Piezoelectric properties improve for nanostructures compared to bulk ZnO. 

•  Synthesizing 1-dimensional ZnO nanostructures can be done economically at 

room temperature. 

•  These nanostructures not only can withstand huge deformations, but also, their 

mechanical properties like resilience or tensility improve with size reduction.     

•  They can be synthesized on any substrate and can generate piezo-potentials 

under any type of vibration. 
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It has been found that having ZnO nanorods on hard substrates limit their usage 

to devices which can be subjected to vibration externally. Foldable, wearable, self 

powered systems are possible if these nanogenerators are built on flexible substrates. 

The following advantages are easily achievable by growing ZnO nanowires on plastic 

substrates: 

 Large deformations are possible not only on the nanowires but also on 

the  substrates. 

 

 They can be used as foldable power sources for self powered systems. 

 

 Because of the huge deformations applicable, large output power could 

be expected. 

 

 Can be implanted into human body, for self powering of implanted 

medical devices. 

 

 Human body movements can be used for energy generation. 

 

These facts led research groups to carry out extensive research on using 

conducting flexible substrates for piezoelectric energy harvesters. This led to energy 

harvesters using nanostructures synthesized on flexible substrates like PET, PEN or 

PES. Piezoelectric wires were also placed laterally on flexible substrates and made to 

bend along with the substrate. This resulted in significant output voltages. 

The output power generated piezo-electric devices were not enough to drive 

practical circuits. This led to various efforts on creating arrays of nanowires to get better 

output power. Arrays were designed for increased voltage output as well as current 

increase. Soldered and/or inter-digitated electrodes for picking up piezo-generated 

signals and fixing them to laterally placed nanowires resulted in highly enhanced power 

outputs.  

Table 4 below briefly summarizes the various nanogenerating devices reported 

till now. It draws a comparison of their performances with respect to the materials used 

and various device operation parameters. 

 

Table 4. Summary of different nanogenerators reported and comparision of their 

performances with respect to material used and operation parameters. 
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Single 
Wire/ 
Array 

Materi-
al 

Substrate Arrange
-ment 

Force Electrode Vout 
and/or 

Iout 

Author 

        

Single ZnO Hard Vertical Bendi-
ng 

AFM tip 6-9 mV Z. L. Wang et 
al 

Array ZnO Hard Vertical Ultra- 
sonic 
vibrati

-on 

Pt coated 
zig-zag 

1 mV, 
0.15 nA 

X. Wang et al 

Array ZnO Fibre Vertical 10 Hz 
Pulli 
-ng 

Au coated 
ZnO 

1-3 mV, 
5 pA 

Y. Qin  
et al 

Array ZnO Hard Vertical Linear 
strain 

Soldered 0.243 V, 
18 nA/ 

cm
2
 

S. Xu    
et al 

Array ZnO Flexible Lateral Period
-ic 

stret-
ch 

Soldered 1.26 V, 
28.8 nA 

S. Xu    
et al 

Array ZnO Flexible Vertical Bendi
ng 

AFM tip 20-45 
mV, 

1µA/cm
2
 

P. X. Gao et al 

Array ZnO Flexible Vertical Bendi-
ng 

Flexible 
conductin

g 

1µA/cm
2
 M. –Y. Choi et 

al 

Single ZnO Flexible Lateral Bendi-
ng 

Soldered 50 mV, 
750 pA 

R. Yang et al 

Array ZnO Flexible Lateral Bendi-
ng 

Soldered 
interdigitat

ed 

2.03 V  

Array ZnO Flexible Lateral Bendi-
ng 

Flexible\ 
conductin

g 

350 mV, 
125 nA/ 

cm
2
 

M. Lee at al 

Array PZT Flexible Lateral Period
-ic 

stress 

Soldered 
interdigitat

ed 

1.63 V G. Zhu  
et al 

Array PZT Hard Vertical Comp
-ressi-
-on 

Soldered 0.7 V, 
4µA/cm

2
 

S. Xu et al 

Array PZT Flexible 
textile 

Lateral Bendi-
ng 

Soldered 6 V, 45 
nA 

W. Wu et al 

Single PVDF Flexible Lateral Stretc-
hing 

Metal 
probes 

8.5 mV C. Chang et al 

Thin 
Film 

BaTiO3 Flexible Lateral Bendi-
ng 

Soldered 
interdigitat

ed 

1 V, 0.19 
µA/ cm

2
 

K. I. Park et al 

Array ZnO Hard Vertical Bendi-
ng 

Flat 0.7 V I. Dakua et al 

Array ZnO Flexible Vertical Bendi-
ng 

Coated 
nanorods 

1.2V I. Dakua et al 

 

It can be seen from this table that open circuit voltages from a few millivolts to a 

few volts has been achieved with all types of materials. The increased output voltage 

mostly depends on two factors:  

(1) On the simultaneous generation of charges which again depends on the 

nanostructure alignment and uniform application of deformation forces. 
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(2) On the efficient extraction of the generated charges which depends on the 

electrodes touching the tip of the nanowires at the time of charge separation, 

preferably on one side only to prevent cancellation of opposite charges and 

before the strain is removed from the piezo-generating structures.  

 

These conditions are met when the electrodes are soldered to the nanostructures 

and as can be seen from the table, the output voltage is on the higher side for soldered 

electrodes. The output current densities had also been improved through the years, using 

arrays of nanostructures in parallel and connecting them through interdigitated 

electrodes.  

The current densities have gone up from few picoamperes to a few 

microamperes per squared centimeter area. This enhancement of output power had 

resulted in stand-alone self-powered systems being demonstrated by research groups. 

Self powered mercury ion sensor and pressure sensor has been recently demonstrated. 

LEDs and LCDs have been demonstrated to light up under proper storage of energy 

harvested from piezo-electric nano harvesters. 

2.14 Anodic aluminum oxide or AAO 

 

The anodic aluminum oxide (AAO) membrane is popular for its highly uniform 

pores, straight and parallel nanochannels, and controllable pore size [118]. A two step 

anodization process is used to fabricate AAO membranes with regular hexagonal pores 

[119]. Process parameters can be varied to change dimensional details of the pores like 

pore diameter and channel length, and membrane thickness and interpore distances. The 

nanoporous membranes are increasingly becoming important as these can be used as 

templates for fabricating other important nanostructures using the membrane as a 

template. With controllable pore geometry, nanostructures of different materials can be 

obtained with required sizes and shapes [120]. 

 

2.14.1 AAO fabrication 

 

Various methods of anodization on aluminum substrates are done to obtain 

nanoporous alumina. The cleaned and electropolished subtrates are usually subjected to 

two steps of hard anodization. The first step anodization gives a very rough alumina 

layer, which is etched away chemically in an acid bath before the second step of 

anodization. The second anodization step gives well organized nanopores of alumina on 

aluminum better known as the barrier layer. The aluminum substrate is then etched 

away chemically [121]. Removal of the barrier layer gives well organized AAO 

membrane. Figure 36 shows the scanning electron microscope images of anodic 

alumina membrane fabricated from 99.999% pure aluminum using two step mild 

anodization processes. On the left top view shows the perfectly hexagonal nanopores of 

AAO in a structured array and on the right there is the cross-sectional view which 

shows the perfectly aligned parallel nanochannels of AAO. 
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Figure 36. Scanning electron microscope images of AAO membrane fabricated 

from 99.999% pure Al using two step mild anodization. Top view showing the 

perfectly hexagonal nanopores of AAO in an ordered array (left) and cross-

sectional view shpwing the parallel nanochannels of AAO (right)[120]. 

 

2.15 Electron beam lithography 

Removing matter from substrates in order to produce a required pattern or shape 

is called lithography. When visible light is used for this purpose it is called 

photolithography or PL. PL can be used for creating patterns in the micrometer 

dimensions due to longer wavelengths of visible light. For removing matter from 

surfaces in the nanometric (less than 100 nm) dimensions, electron beams are used, due 

to their much shorter wavelengths. This process is known electron beam lithography or 

EBL [122].  

 

Lithography is usually done on a silicon wafer substrate. A non conductive layer 

of silica is created on it by oxidation. A photosensitive polymer is used for 

photolithography and an electron sensitive polymer is used for EBL. This layer, also 

known as resist is spin coated and the solvent evaporated using a hot plate. The required 

pattern is made on this layer and is then exposed to the beam of light or electron. The 

sample, when placed in a chemical solution called developer, for some time, the 

exposed area is developed by dissolving the broken polymer chains on exposed areas. 

The opened patterns can be used for deposition of materials, usually metals [123]. 

 

The scanning electron microscope is usually used for EBL processes. 

Lithographic softwares are used to control the electron beam to deflect and blank it 

according to the required pattern. Sometimes ion beams of a focused ion beam (FIB) 

machine can be used for creating patterns or trenches on substrates using processes 

similar to electron beam lithography. The heaviness of the ions makes it much faster 

than the other methods [124]. 

 

2.16 Summary 

The inherent charge balance of certain ceramic and crystalline materials can be 

disturbed by mechanical deformation. The unbalance thus created results in charge 

separation and can be used for electrical energy generation for various applications. 

This has been done in macroscale extensively and is researched for some very good 

results in the macro and nanoscale. This charge separation occurs in Zn
2+

 and O
2-

 ion 
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distribution in wurtzite structured crystalline ZnO. Hence ZnO nanostructures are 

gaining increasing attention for piezoelectric energy harvesting.  

ZnO nanowires have larger effective piezoelectric constant than bulk ZnO due to 

increased surface to volume ratio. When subjected to physical deformation the 

compressed side of the nanorod develops negative potential with respect to the base of 

the rod while the elongated side develops positive potential. Energy generation can be 

achieved by deflecting a single nanowire with an AFM tip. Power generation can be 

done by using vertically standing as well as flat nanowires. 

Single nanowire can act as a diode and under mechanical strain can pass the 

charges generated to an external circuit under favorable conditions. This means that a 

ZnO nanowire can generate current in one direction only or gives DC power only. The 

flow of current to external circuits however depends on availability of a schottky 

contact. In case of AFM tip being used for deformation, it acts as the metal 

semiconductor schottky contact and facilitates the transfer of current in external circuit. 

Power extracted from one single wire is not enough for real devices. An array of 

nanowires needs to be integrated to make them useful for real life application. Shape of 

top electrode is important for extraction of piezoelectric power generated by nanowire 

array, because of property of nanowires creating opposite charges on the tip. Efficient 

extraction can be achieved with zig-zag electrodes or flexible electrodes. 

For using these generators in wearable devices driven by body forces, the 

nanowires need to be fabricated on flexible substrates. Such nanowire devices can work 

as pressure sensors as well if integrated properly, because of flexible nature of 

substrates. With proper alignment and integration of the nanowire array, remarkable 

enhancement in voltage and current extraction can be achieved. 

While ZnO remains the principal material for nano power generation. There 

have been a few reports about using some polymeric materials for this purpose. 

Nanofibres of polyvinylidene fluoride (PVDF) were successfully used for mechanical 

power harvesting and the same could be used as a bio fuel cell. The hybrid generator 

could even be used for driving ZnO nanogenerators. Also, lead zirconate titanate (PZT) 

nanofibres were used as an array to device a voltage generator applicable for real life 

devices. 

MEMS based piezoelectric energy harvesters mostly use cantilever structures of 

piezoelectric polymer materials as cantilevers. These can have very high yield when 

subjected to mechanical forces or vibrations. Micro-fabrication techniques are used for 

the fabrication of the devices. Lead zirconium titanium or PZT has been used as the 

piezoelectric material. To increase the power generated two layers of piezoelectric 

material had been sandwiched with a metal layer in between, which could also add 

robustness to the device.  

Another material that has been reported for such application is BaTiO3 or barium 

titanate as a thin film. When stretched from both ends, the piezo potential generated by 

the thin film increased from the bottom of the thin field connected to the substrate to a 

maximum at the topmost layer.  

Templates of alumina with nano sized pores distributed very evenly across with 

symmetrical pore shapes and controllable pore sizes can be used for the fabrication of 
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various nanostructures. Metal nanostructures fabricated in such ways can be used as 

electrodes for energy harvesters. Electron beam lithography can be used for patterning 

of nanorod arrays for energy harvesting. 
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CHAPTER 3 

METHODOLOGY 

 

The thesis work had the objective to study 1-dimensional zinc oxide 

nanostructures by considering their growth through hydrothermal process. Different 

growth conditions like reactant concentration, growth temperature, growth duration 

effects were looked into. After a proper understanding of how these factors affect the 

nanostructure dimensions, the nanostructures suitable for piezoelectric energy studies 

were synthesized. Piezoelectric properties of the nanowires were studied for different 

dimensions and along with it the electrical conduction properties and mechanical 

tensility for bending applications were looked into. Arrays of piezoelectric nanowires 

were assembled on conducting substrates and tested for power generation purpose. Top 

electrode designing was done using different methods to be used for self powered 

device. A fully flexible nanogenerator was fabricated and tested for piezoelectric power 

generation. 

 

Starting from the understanding of a few chemical concepts, the work went 

through the synthesis of nanostructures, characteristic studies, fabrication of devices and 

testing which are described below. 

 

3.1 Chemical concepts 

 

3.1.1 Molar concentration 

 

The quantity of substance mixed in a solvent is the molar concentration or 

molarity of a solution. The substance is also known as solute.  

 

Molarity can be defined mathematically as given below [125]: 

 

Molarity, ‘M’ (moles/litre) = n/V = N/(NA x V) 

 

Where, n = number of moles of the substance 

     = (total mass of substance)/(gram mole of the substance) 

            V = Volume of the solution in litres 

 N = Number of molecules of substance present in the solution 

 NA= Avogadro number 

 

3.2 Materials  

The materials mainly used during the thesis work are described below. 

3.2.1  Glasswares 

Laboratory grade pyrex glasswares like conical flasks, beakers etc. were used for 

synthesis procedures of nanomaterials. Petri dishes with covers were used for 

hydrothermal synthesis of ZnO nanorods. The glasswares were cleaned by dipping them 

alternately in acid and base solutions and rinsed in water for removing remains of earlier 

usages. This was followed by sonication in soap solution and then in de-ionized water. 

The glasswares were dried in a convection oven at 90
o
C. 
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3.2.2  Solvents 

Following solvents were used for our major syntheses: 

(1) Highly resistive Deionized (DI) water. 

(2) Isopropanol ((CH3)2CHOH) from Fisher Chemical. 

(3) Ethanol (C2H5OH) from Merck. 

 

3.2.3  Chemicals 

Table 5 below shows the list of chemicals used during this work. 

Table 5. List showing the major chemicals used during this work, along with their 

chemical formula and maker names. 

Chemical Formula Maker 

Zinc acetate dihydrate Zn(CH3COO)2.2H2O Univar 

Sodium hydroxide NaOH Sigma Aldrich 

Zinc nitrate hexahydrate Zn(NO3)2.6H2O    Aldrich 

Hexamethylenetetramine C6H12N4 Carlo Erba 

Isopropanol (CH3)2CHOH Fisher Chemical 

Ethanol C2H5OH Merck 

   Acetone CH3COCH3 Merck 

Perchloric acid   HClO4 J.T.Baker 

Sulfuric acid H2SO4 J.T.Baker 

Phosphoric acid H3PO4 J.T.Baker 

Oxalic acid C2O4H2 or C2H2(OH)2 J.T.Baker 

Chromic acid H2CrO4 J.T.Baker 

Mercuric acid HgCl2 J.T.Baker 

Cupric acid Cu(C2H3O2)2H2O Merck 

Copper sulfate Cu2SO4 Merck 

1-Dodecane thiol C12H26S Fluka 

 

3.2.3 Substrates and other materials 

Various substrates used during this work were glass, ITO or FTO coated glass, 

PET, PVC, ITO coated PET and PVC, and aluminum. 

Other important materials were silver paste and/or aluminum tapes, besides 

numerous other materials and tools being used during the entire course of the thesis. 

Some of the major tools used are described separately. 

3.3 Synthesis of ZnO nanoparticles  

Isopropanol and ethanol were used as solvents for synthesizing colloidal ZnO 

nanoparticles as described below: 

3.3.1 Isopropanol synthesis 

ZnO nanoparticles were synthesized in isopropanol following Bahnemann et al. 

[126]. In this method, 1 mM solution of zinc acetate in 20 mL of isopropanol was 
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prepared. The solution was prepared under continuous stirring (~500 rpm) at a 

temperature of 50 °C. 230 mL of fresh isopropanol was then added to dilute the zinc 

acetate solution. This solution was then cooled. A 20 mM solution of sodium hydroxide 

was separately prepared in isopropanol and was added dropwise to the already prepared 

solution of zinc acetate under continuous stirring (~500 rpm). The mixed solution was 

then kept in a water bath at 60 °C for 2 hours to get transparent colloidal ZnO 

nanoparticles. The process is shown with the help of a flow chart in figure 37 below. 

 

Figure 37. Flowchart depicting the procedure for the synthesis of ZnO 

nanoparticles in isopropanol. 

3.3.2 Ethanol synthesis  

The ethanol synthesis method was more or less similar to the isopropanol 

synthesis metod. The process of ethanol synthesis of colloidal ZnO is depicted in 

schematic flow chart of figure 38 [127]: 

 

Figure 38. Flowchart depicting the procedure for the synthesis of ZnO 

nanoparticles in ethanol. 
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During these processes zinc acetate (Zn(CH3COO)2, Merck, 99% purity), 

isopropanol, ((CH3)2CHOH, Carlo Erba, 99.7% purity), ethanol (C2H5OH, Merck) and 

sodium hydroxide (NaoH, Sigma Aldrich) were used. 

3.4 Synthesis of ZnO nanorods 

 

Synthesis of one-dimensional ZnO nanostructures was done using hydrothermal 

process following Vayssieres method described earlier in literature section. Different 

conducting substrates were used for this purpose, like FTO and ITO coated glass, plastic 

substrates with conductive coating. Already synthesized ZnO nanoparticles were used 

for seeding the substrates. For dense nanorods, nanocrystallites were grown on the 

substrate itself. The dip coating techniques and dropping techniques were used for 

making the seed layer on the substrates. Subsequent heating was done for proper 

fixation. The seeded substrates were placed in equimolar solution of hexamine or 

hexamethylenetetramine (C6H12N4, Carlo Erba, 99.5%) and zinc nitrate 

(Zn(NO3)2.6H2O, Aldrich, 99% purity) and at 95 
o
C, such that the seeded side faced 

down. The chemical bath was changed every 5 hours because the growth rate 

progressively fell and after 5 hours in the same solution resulted in no growth of the 

nanorods at all [128]. Annealing was done finally at about 250
o
C for removal of 

residual hexamine and nitrate from the surface. The nanorod synthesis process is shown 

by the schematic flow chart in figure 39. 

 

 

 

Figure 39. Schematic flowchart depicting the process of growth of ZnO nanorods. 

The nanorod geometry could be controlled and/or changed by changing some 

parameters like the molarity of the precursor solution, or growth temperature or the 

growth time. 

Scanning electron microscope machine was used for taking scanning electron 

microscopy (SEM) images. These machines also helped in estimating the dimensions of 

the nanorods. Nanoparticles were also imaged using transmission electron microscope 

(TEM). 
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3.4.1 Substrate cleaning, treatment and nanorod growth 

 

ITO and FTO coated glasses were initially sonicated in soap water. They were 

then washed with water and re-sonicated in acetone and dried in the convection oven at 

90
o
C. 1% solution of dodecane thiol was prepared in iso-propanol or ethanol and the 

cleaned substrates were dipped in it for about sixty minutes. These substrates were then 

heated again in the convection oven and used for seeding with the nanoparticles and 

subsequent growth of nanorods as described in previous sections. 

 

However, for plastic substrates, the cleaning process was slightly changed. The 

plastic substrates were sonicated in ethanol and dried in oven. They are subsequently 

treated with dodecane thiol for surface treatment and the remaining procedure was 

followed exactly as in case of glass substrates with conductive coating. 

 

3.5 Characterization of ZnO nanostructures 

 

Characterization techniques like transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), x-ray 

diffraction spectroscopy (XRD) etc. were used for characterization of the ZnO 

nanostructures. The nanostructure crystal growth patterns and their behavior could be 

closely studied with these images. The two major tools used for this purpose are 

described below. 

 

 

3.5.1 Scanning electron microscopy  

Scanning electron microscope was extensively used for imaging the various 

nanostructures fabricated during the work. This machine’s work principally depends on 

an electron beam for the imaging of these nanostructures.  

An electron beam applied at a high energy (usually 0.5 KeV to 40 Kev) is used 

to scan through surfaces and create images of those surfaces. This is known as a 

scanning electron microscopy (SEM). This is done by making the electrons interact with 

the surface atoms of a sample and send back signals to a camera to produce the image. 

A series of lenses are used to focus this electron beam to a tiny beam of about 0.4 nm. 

Deflectors are used to move the beam in x and y directions. This electron beam scans 

the sample surface, with a typical scanning range of 100 nm to 5 µm. The interaction 

between the electron beam and the surface atoms results in absorption of the beam as 

well as scattering in all directions. 

 The electrons reflected back from the sample surface due to high impact 

interaction called the back electrons are detected by a sensor. The energy of a reflected 

electron depends on the surface structure of the sample and can be transformed into an 

image also known as scanning electron micrograph.  

An electron gun having a lanthanum hexaboride or tungsten filament generates 

the electron beam by thermionic emission. This electron beam is accelerated by the use 

of an electric field. Electromagnetic and electrostatic lenses are used to focus the beam 

at a required position. Generally, voltages between 100 kV to 300 kV are applied for the 

generation of the electron beam [129]. Gun voltage of 120 kV was normally used for the 

imaging purposes during this work. 
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3.5.2 Transmission electron microscopy  

While scanning electron microscope uses an electron beam reflected from the 

surface of a sample to get an image of the surface, a transmission electron microscope 

image transmits a narrow beam of electron through an extremely thin sample to be 

converted into an image using either a photographic film or a CCD camera or a 

fluorescent screen. The small wavelength of electrons compared to that of visible light 

makes it possible to take images at extremely low dimensions with considerably high 

resolutions. 

The electron beam is generated, accelerated and focused using methods similar 

to that in a scanning electron microscope. Magnifications of upto 1000000 times are 

achievable with these microscope and individual atoms in the crystal lattice structure 

can be observed, giving information related to crystallinity and particle size of 

nanoparticles through TEM images. 

TEM samples are prepared on TEM grids which are made of copper arranged in 

an array of holes and coated with carbon on one side. A small amount of the colloidal 

solution is dropped on the carbon side and air dried for 8 hours to have a sample ready 

for TEM imaging [130]. 

3.6 Property study and characterization of  ZnO nanorods  

Characterization of nanostructures needed special contacts and measuring 

setups. While contacting of single nanorod was done using FEI Strata DB235 FIB/SEM 

machine, equipped with a metal nanomanipulator, the electrical characterizations were 

done using a Keithley 6430 sub-femtoamp meter, controlled remotely with the help of a 

GPIB interfaced computer. Real time I-V characteristics (current-voltage) graphs were 

measured with the help of interfacing software Labtracer
TM

. Voltage-time (V-t) graphs 

had also been measured using the same setup with the help of interfacing software from 

National Instruments (NI) for Labview. 

3.6.1 Characterization of energy harvesters with piezoelectric nanowire array 

The electrode was an integral part for the characterization of the energy 

harvesters. Different integration techniques were tried with different electrodes for the 

measurement of the piezo-energy harvested. Similar setups were used for the 

measurement of generated potentials. Establishing contacts were done through silver 

pastes or aluminum tapes. Eventually, a method was devised to permanently connect a 

copper wire to the top electrode with the help of a polymer layer of PDMS 

(polydimethylsiloxane). The bending forces were applied by applying pressure forces 

on top electrode for hard substrates and by transferring the bending forces to the 

piezoelectric nanogenerators by using bendable substrates. 

3.6.2 Focused ion beam milling 

The FEI Strata DB235 FIB/SEM machine was used for characterization of 

single ZnO nanorods as well as to create pattern on substrates using ion milling 

technique. The tungsten manipulator usually has a tip not small enough to manipulate 

nanorods. Also, during periods when it is not in use, it tends to react with the 

surrounding to form an oxidized layer on it. This oxide layer renders the tungsten tip 

non-conducting. Hence, a focused ion beam was used to mill off the sides of the 

tungsten needle to make its end smaller and also to remove the oxidation layer that may 
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have been formed on it during non-usage. 

 

This ion beam was also used for creating pattern on a substrate for growing 

patterned arrays of ZnO nanorods. An Ion beam of 1 pA current was aligned with the 

sample substrate. Milling times were changed to get clean trenches of required 

dimensions on the spin coated resist layer to form the required pattern. The alignment 

and focusing was very important and needed to be checked repeatedly. Smaller current 

gave lower beam current which resulted in fabrication of smaller structures. 

3.7 Top electrode fabrication  

 

As found from literature, ZnO nanowires when subjected to physical 

deformation produce a charge separation such that the elongated side gets a net positive 

voltage while the compressed side gets a net negative voltage. Top electrodes were 

designed for extracting the charge separation obtained through mechanical deformation 

to form a close circuit with a current flowing through the external circuit. Different 

electrodes were designed and fabricated for extraction of generated piezo-potentials 

which are described below. 

 

3.7.1 Simple gold sputtered electrode 

 

The simplest of electrode used was fabricated by sputtering a metallic gold layer 

on a glass substrate or a plastic substrate. Metallic gold was sputtered using a GSL-

1100X-SPC-12 compact plasma sputtering coater. 100 mA current for about 25 seconds 

gave a conducting layer of about 40 nm. Surface treatment was done for proper 

adhesion of the metal layer on the electrode substrate. Conducting wires were connected 

to the top electrode for interfacing with external measurement setup using silver pastes 

or aluminum stickers.  

3.7.2 Gold on ZnO nanorod electrode 

Using similar methods as above, metallic gold was sputtered on ZnO nanorods 

grown on flexible substrates. The connections to the outer measurement circuits were 

also done using similar methods as above. 

3.7.3 Copper electrode using AAO template 

Metal electrodes were fabricated using nano-porous AAO as template such that 

a soft zig-zag shaped conducting structure could be obtained that could be used as top 

electrode for extracting piezo-electric energy harvested from ZnO nanowire arrays. 

Nanoporous membranes of AAO were fabricated using a 2 step anodization process as 

available in literature. 

3.8 AAO Template fabrication using 2 step anodization 

 

Aluminum substrates were cleaned by sonication in de-ionized water and 

acetone and annealed at a temperature of 250 
o
C in nitrogen atmosphere. Then the 

substrate was electro-polished in 1:4 perchloric acid and ethanol applying a voltage of 

20V. The process was carried out at a low temperature of 5
o
C. This substrate was 

cleaned again using the same procedure and subjected to first step of anodization, which 
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was carried out for 6 h in 0.3M oxalic acid at 40V. After first step of anodization the 

alumina layer formed at surface, was etched in 6wt% phosphoric and 2% chromic acid. 

Under the same condition, the second step of anodization was carried out for 36 hours. 

The barrier layer of the aluminum substrate was then etched in CuCl2 and HCl. 

3.8.1 Copper electrode fabrication 

A layer of about 50 nm gold was sputtered on on side of the AAO membrane 

using plasma coater GSL-1100X-SPC-12 to form a conductive metallic substrate. 

Copper was deposited on it using electrochemical deposition using liquid copper sulfate 

with an applied voltage of 2.2V-2.4V. The substrate was then reversed and copper was 

deposited again on the pores using same method. The AAO membrane template was 

then etched away in 5% phosphoric acid at a temperature of 30
o
C - 35

o
C to get copper 

nanorods. Changing the standard etching conditions of AAO, like fast etching at higher 

temperatures (~80
o
C) gave a zig-zag electrode for the nanogenerator which was 

mechanically flexible and soft in nature. The electrode material could be changed by 

changing the electro-deposition material. 

 

 

3.8.2 Strengthening the metal electrode 

 

The metal electrode was rendered capable of handling mechanical deformations 

to be used as a piezo-electric nanogenerator electrode by depositing a layer of PDMS on 

top before removing the barrier layer. A metal wire was also deposited just before the 

PDMS deposition to act as a connector to electrical measuring devices. Reversing the 

set-up after that and doing electro-chemical deposition gave us copper electrode for the 

nanogenerator. 

 

3.9 Designing the nanogenerator for piezoelectric energy conversion 

 

A key part of the proposed work was to design the nanogenerator and testing 

them for piezoelectric energy generation. This was done by growing them on 

conducting substrates which were used as a conducting contact to the measurement 

setup and using the top metal electrode to form the other contact. The nanorods were 

deformed by applying pressure force for hard substrates and bending forces for flexible 

substrates. Application of tensile force on the nanowire tips lead to charge separation. 

Extraction and measurement of the produced electric potential were done through a 

measurement setup controlled by real time measurement software. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 ZnO nanoparticles – synthesis and characterization 

Alcohol was used as the medium of synthesis for the synthesis of ZnO 

nanoparticles. The main concerns for synthesis of colloidal nanoparticles are: 

1. Proper nucleation 

2. Proper growth and distribution of particles in the colloid 

3. Stability of particles in the colloidal solution 

 

Use of alcohol in place of water for synthesis results in proper nucleation and 

faster growth of the ZnO nanoparticles. This is due to the fact that water has a much 

higher dielectric constant than that of alcohol. Use of water as the synthesis media 

results in faster formation of Zn(OH)2  as compared to the formation of ZnO. On the 

other hand, faster nucleation and growth of ZnO happens in alcohol as compared to the 

formation of zinc hydroxide. Both methods of nanoparticle synthesis (isopropanol based 

and ethanol based) gave spherical nanoparticles with diameters of about 7 nms. 

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 

images of nanoparticles synthesized are shown in figure 40.  

 

 

 

Figure 40. (a) Transmission electron micrograph (TEM) image of the ZnO 

nanoparticles synthesized using Bahnemann’s method (b) Scanning electron 

micrograph (SEM) image of the seed layer of ZnO nanoparticles on fluorine doped 

tin oxide coated glass substrates. 

The nanoparticles are highly crystalline and have a wurtzite structure. This can 

be observed in the HRTEM or high resolution transmission electron microscope image 

shown in figure 40. 
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The stability of nanoparticles in colloidal form is determined by how uniformly 

they are distributed and how evenly they are suspended in the medium. The 

nanoparticles have an affinity towards each other that makes them agglomerate and fall 

down. The agglomeration can be prevented by introducing a repulsive force among 

them. This can be done by creating opposite charged layers of ions surrounding the 

nanoparticle. This will make the particles repel each other due to electrostatic potential 

between them as per Coulomb’s theory. This is known as electrostatic stabilization. The 

other method is to surround the nanoparticles by non-reacting polymer molecules. This 

results in heavier particles. Also the polymer chain tends to be repulsive towards each 

other. This is known as stabilization using steric hindrance. The phenomenon of steric 

stabilization is shown schematically in figure 41(a). 

In electro-static stabilization, the electrical double layer stabilizes the colloid by 

equating the electrostatic repulsion and van der waals attraction created by the 

oppositely charged ions adsorbed on the surface of the nanoparticles. The charged 

particles randomly move around in the suspension, while electrostatic potential created 

due the charges keeps them away from each other [131]. 

 

 

Figure 41. Schematic depiction of phenomenon of (a) steric stabilization and (b) 

electrostatic stabilization of nanoparticles in a colloidal medium. 

The nanoparticles synthesized in our work are stabilized in the colloidal medium 

through electrostatic stabilization. The electrically neutral ZnO nanoparticles are 

surrounded by a negatively charged layer of OH
-
 ions with a counter layer of Na

+
 ions, 

making the colloidal system electrically neutral. A delicate balance of the particles 

suspended is created by the faint attraction between oppositely charged layers of OH
- 

and Na
+
 of two nearby particles and strong repulsion force between the outer layers of 

Na
+
. The phenomenon of electric stabilization is shown schematically in figure 41(b) 

with random ions of different charges surrounding the nanoparticles. 

4.2 Substrate preparation 

Different substrates were used for the growth of ZnO nanorods and the 

substrates were subjected to a process of cleaning and surface treatment as described in 

methodology section. The cleaning with water under sonication of the substrate results 



 

 

 

56 

in removal of residual micro particles etc. The alcohol cleaning removes micro-

organisms on the substrate that might affect the synthesis processes and the heating 

confirms that the cleanliness is maintained.  

The surface treatment is done by dipping the clean substrates in 1% solution of 

dodecane thiol. This allows the self assembly of a very thin layer of thiol on the surface. 

This enhances attachment of the seed layer on the substrate [132].  

4.3 ZnO nanorods – synthesis and characterization 

Two different methods were used for the synthesis of ZnO nanorods as 

described in the methodology section. The synthesized rods and the results associated 

with the synthesis processes are discussed below. 

4.3.1 Using ZnO nanoparticle for creating a seed layer 

The cleaned and thiolated substrate was alternately dipped into an already 

prepared solution of ZnO nanoparticle for 30 minutes and subsequently heated at 150 
o
C 

for 3 times to get a thin layer of nanoparticles on the substrate. A transmission electron 

microscope image of ZnO nanoparticles are shown in figure 42. 

 

 

Figure 42. Transmission electron microscope image of the nanoparticles used for 

seeding to grow ZnO nanorods. 

When the substrates seeded with ZnO nanoparticles are inverted in an equimolar 

solution of zinc nitrate and hexamine made in aqueous media, and subjected to mild hot 

temperature in a closed environment, the ZnO nanorod grows. ZnO nanorods grow 

anisotropically along the [0001] direction. The nanoparticles are usually not oriented in 

the same direction and since growth occurs preferentially on the [0001] plane, the 

nanorods tend to grow with different orientations. As such the nanorods’ orientations 

are not all vertical depending upon the orientation of the seed nanoparticles. The 

hexagonal shape of the nanorods is quite evident in the top view shown in Figure 43(a). 

Figure 43 (b) shows the cross sectional view of the same rods, indicating the non 

parallel orientations of the rods. 
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Figure 43.  Scanning electron micrograph of ZnO nanorods grown on ITO coated 

glass substrates (a) top view (b) cross-sectional view. (Scale bar: 1 m.) 

 

4.3.2 Direct seeding 

The surface functionalized substrates are pre-heated 100 
o
C. 1 mM solution of 

zinc acetate is prepared in isopropanol. Dropping a few drops of the solution on the 

preheated substrate results in in-situ creation of a thin layer of nanocrystallites of ZnO 

on the substrate by the hydrolysis of zinc acetate on the heated substrate. The adhesion 

of the seed layer on to the substrate is further enhanced by post heating at 150 
o
C for 1 

hour.  

This method gives ZnO nanorods that are better oriented than using a colloid of 

ZnO nanoparticle for making a seed layer on the substrate. This can be observed from 

scanning electron microscope images shown in the top view as well as the cross 

sectional view shown in figure 44(a) and 44(b) respectively. 

 

Figure 44. Scanning electron micrographic images of ZnO nanorods grown on 

FTO coated glass substrates (a) cross-sectional view (b) top view. 
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4.4 Effect of growth conditions on nanorod dimensions 

The rod dimensions grown on substrates can be controlled considerably by 

controlling certain growth conditions. As already discussed, the seeding method 

determines the orientation of the nanorods. The other significant parameters affecting 

the dimensions are growth bath concentration and growth time. 

Nanorods grown using 20 mM, 10 mM and 5 mM precursor solutions of zinc 

nitrate and hexamine showed that the molarity of the growth bath affects the thickness 

of the rods significantly. Wires grown under decreasing molarity of growth solution 

gave thinner wires. Wires grown at 5 mM are not thick enough to stand on one end and 

fall off easily. Growth processes continued after 5 hours in the same bath, showed 

significant decline in nano structure growth. This can be attributed to the gradually 

decreasing Zn
2+

 ions in the solution of hexamine and zinc nitrate. Since the growth is 

fast in the first 5 hours, the chemical bath is changed every 5 hours, for getting 

maximum output. Increased number of hours of growth results in thicker and longer 

nanorods.  

Figure 45 shows the scanning electron microscope images of ZnO nanorods 

grown using different molar concentrations of precursor solutions. It can be observed 

that with increasing molar concentration of the chemical bath for ZnO nanorod growth, 

the thickness of the nanorods increase even though other parameters like pH, growth 

time and growth temperature are kept constant. The nanorods grown at 5 mM are thin 

and cannot stand vertically on the substrate tending to lie down. The nanorods grown at 

10 mM are thicker and the thickest ones are achieved at 20 mM. The rods grown at 10 

and 20 mM are capable of standing on the substrate. 

 

Figure 45. Scanning electron microscope images of ZnO nanorods when grown at 

(A) 5 mM (B) 10 mm (C) 20 mM of precursor solutions of zinc nitrate and 

hexamine, keeping other growth conditions same. 

a 
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4.5 ZnO nanowire – piezoelectricity, electrical conduction and mechanical bending 

Indium tin oxide coated glass substrates were cleaned and chemically treated. 

The substrates were then dipped in prepared ZnO colloids and annealed to get an even 

layer of nanoparticles on the substrate to be used as the seed layer for synthesizing one 

dimensional ZnO nanostructures. The seeded substrates were then dipped inverted in an 

equimolar (10 mM) solution of hexamine and zinc nitrate hexahydrate and ZnO was 

crystallized at 90
o
C for 20 hours. After the growth, the samples were repeatedly washed. 

Subsequent annealing of the substrate removed any residual hexamine or nitrates. The 

length and width of these nanowires could be controlled by controlling growth 

parameters, such as concentration of reactants, growth temperature and duration. 

The substrate with ZnO oxide nanowires was mounted onto the pin mount 

sample holder of the FIB chamber, pasted with conducting silver paste on one side. This 

silver paste worked as the ground connection for the measurement of piezopotential 

when a nanowire is mechanically bent inside the FIB chamber by the tungsten 

nanomanipulator needle probe, which also acts as the top contact for the measurement 

circuit setup. 

The FEI Strata DB235 FIB/SEM machine, equipped with field emission gun is 

used for our experimental purpose here. It is equipped with an electron beam and an ion 

beam gun. The electron gun is aligned vertically and can emit electron beams at 

energies from 0.2 to 30 KeV. This beam serves the purpose of scanning the samples and 

SEM images can be obtained with it at high resolutions. It can also be used for electron 

beam induced depositions or EBID. When combined with Electron Diffraction X-Ray 

Spectroscopy, it can be used for getting information regarding the chemical 

compositions of the samples. The ion beam, of Gallium cations is kept at 52
o
 from the 

electron beam and can be accelerated to energies from 5 to 30 KeV. This beam is 

capable of generating ions and secondary electrons to be used for image formations. The 

higher mass of ions can also be used to sputter and remove material from the sample. 

While morphological manipulations can be done with the help of the ion beam, the 

electron beam can be used for imaging in simultaneous processes. The sample should be 

placed at the point of coincidence of the two beams, which is located at a working 

distance of 5 mm from electron beam and 19.5 mm from the ion beam. The FIB has an 

inbuilt replaceable probe with a needle end that can be sharpened with the help of the 

ion beam and can be used to manipulate nanostructures. This probe can be moved in x, 

y and z direction and can be manually rotated [133]. Photographic image of the 

FIB/SEM machine along with remote manipulation and measurement setup is shown in 

a digital photographic image in figure 46. 
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Figure 46. A photograph of the FEI Strata DB235 FIB/SEM system used for 

studying the piezo-electric, electronic and mechanical properties of ZnO 

nanowires. 

Figure 47 shows the schematic arrangement of the experimental setup. The 

conducting substrate with vertical ZnO nanowires was placed inside the FIB chamber. 

The measurement set up included a Keithley measuring instrument (Model 6430) 

connected with a computer. The equipment is controlled remotely by the computer 

through its GPIB interface. The data acquisition is carried out by using labtracer 

software specially programmed for I-V (current voltage) and V-t (voltage–time) 

measurements.  

 

Figure 47. Schematic representation of the arrangement used for the measurement 

of piezo-potential generation from single ZnO nanowire and verifying its electrical 

conduction properties. 
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The manipulator needle with a nano-sized tip was slowly moved towards the 

array of nanowires mounted onto the sample holder of the FIB chamber. The movement 

was observed through a CCD camera. As the needle successfully established a contact 

with one of the nanorods, positive and negative sweep voltages were applied and the 

current flowing through the circuit measured.  

A Keithley 6430 was interfaced with the FIB/SEM system to measure piezo-

potential generated under mechanical manipulation. A GPIB was used to interface the 

electrometer to a computer for remote monitoring while a 2 to 1 BNC connector was 

used to physically connect the meter and the FIB/SEM system with the mounted 

substrate. The GPIB with a default memory address of 24 uses IEEE – 488 to accept 

measurement instructions from a remote computer through its USB port. The computer 

was programmed with Labtracer software for data acquisition or continuous 

measurement of voltage produced by bent nanorod against time and current voltage 

graphs. Current voltage measurements were typically done by applying positive and 

negative sweep voltages and measuring the current.   

 

The tungsten probe manipulator with a typical diameter of 1000 nm is not 

pointed enough for manipulating nanowires. Hence for precise contact and better 

manipulation the probe needle was polished in-situ to a much lower diameter of 200 to 

400 nm using a focused beam of gallium ions. This also gets rid of any tungsten oxide 

that might form on the needle when it is stored. 

4.5.1Forward and reverse current conduction of single ZnO nanowires 

In order to ensure proper electrical contact between the nanomanipulator probe 

and the ZnO nanowire tip, IV curves were plotted for applied positive and negative 

voltages before the application of bending forces. Ohmic metal semiconductor contacts 

could be established between them for both forward and reverse direction for ZnO 

nanorods with diameters of more than 500 nm and with a smooth surface. With a work 

function value of 4.5 eV for tungsten [134] and an electron affinity of 4.1 eV for ZnO 

[135] the built in potential barrier between them becomes negligible. However internal 

vibrations of the nano probe at times led to slight irregularity in the increase of current 

values. Figure 48 shows the SEM image of a contact being established between a ZnO 

nanowire and tungsten metal probe inside the FIB chamber for IV measurements. 

 

Figure 48. Scanning electron microscope image of the tungsten manipulator needle 

establishing a contact with a ZnO nanowire tip on conducting substrate, inside the 

FIB chamber, while I-V measurement is being taken by applying sweep voltages. 
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Application of linear voltages increasing from 0 V to a maximum of (+/-)2 V 

showed increase in current with increase in applied voltage establishing that fact that a 

near Ohmic contact was formed between the semiconducting nanowire and the metal 

nano-manipulator on the application of forward and reverse voltages across it. Current 

values in the order of 0.2 µA were measured for the application of 1V in both forward 

and reverse directions which increased upto about 0.7 µA for an applied voltage of 2V. 

This clearly indicated the establishment of Ohmic contacts between nanowire and 

tungsten probe. Figure 49 shows the (left) forward and (right) reverse conduction 

currents through the ZnO nanowire and tungsten probe contact. 

 

Figure 49. Current-voltage graphs showing (Left) forward and reverse conduction 

for an Ohmic contact between ZnO nanowire and tungsten needle (Right).  

However, for extremely thin nanowires (~150 nm), with uneven surfaces, it was 

observed that no Ohmic contact could be established. For such nanowires, the forward 

as well as reverse conduction occurred very heavily after a certain voltage was applied. 

The extremely negligible dimension of these nanowires probably increased the band gap 

so much that they behaved like insulators. However, because of their thinness again 

application of high voltages resulted in material breakdown. This lead to tunneling of 

current after a certain applied voltage for such metal-semiconductor nanocontacts 

propelled by extremely narrow diameters of the nanowires. Also, the unevenness of the 

surface adds to increase in the difference between the work function value and the 

electron affinity of ZnO due to dangling bonds on the surface leading to lack of any 

Ohmic contact. Figure 50 shows a non ohmic contact between ZnO and tungsten probe. 

 

Figure 50. (Left)Scanning electron microscope image of  a thin and ZnO nanowire 

with an uneven surface morphology being in contact with the tungsten needle tip 

and (Right) the conduction graph for this contact showing reverse rectification and 

breakdown due to tunneling at an applied voltage of approximately -1.5V. 
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For extremely low-dimensional structures, the barrier heights depend not only 

on factors other than the work function of metal and semiconductor, but also on other 

factors like surface states and presence of interfacial layer of insulating material. For 

nanowires with uneven surface, there are defect states available on the surface that 

could react with atmospheric gases when exposed and produce a thin insulating layer. 

Hence, no conduction could be observed on some of those nanowires and a breakdown 

was observed at higher voltages. 

4.5.2 Piezopotential generation from a bent ZnO nanowire 

Mechanical bending of the metal oxide semiconductor nanowires lead to charge 

separation inside the wurtzite crystals, such that the nanowires acquire a negative charge 

on the side that is compressed and positive on the side that is elongated [136]. Any 

bending of the wires leads to piezopotential generation.  

The tungsten needle probe acted as one point contact to form a closed circuit 

around the nanowire. The other end was connected to ground through the measuring 

equipment. The same measurement setup was used as in case of the I-V measurements 

except that, no triggering voltages were applied. The current measurement software was 

replaced by a program specially written for measurement of voltage against continuous 

time. This program was designed to record any change in voltage occurring due to 

piezo-potential generation through mechanical bending of a nanowire. Figure 51 shows 

the schematic for piezopotential generation principle of a ZnO nanowire and SEM 

image of a ZnO nanowire being subjected to mechanical deformation.  

 

 

 

Figure 51. (Left) Schematic arrangement showing a ZnO nanowire on a 

conducting substrate and the generation of piezo-potential under bending forces. 

(Right) Scanning electron microscope image of a ZnO nanowire being bent to 

register the piezopotential generated by the bending. 

The compliance voltage of the measuring system was kept at 2 V, a lack of 

contact between the nanowire and the nanoprobe resulted in an open circuit voltage of 

2V. The moment a connection was established the voltage went down to a near zero 
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value as a closed circuit was formed through ground. Only some stray noise voltages 

were recorded at times. After the voltage level settled down to a comfortably low and 

steady value, the nanowire was subjected to mechanical bending.  

Along with the maximum allowable voltage, two other important variable 

measurement parameters are integration time and the repeat filters. Integration time is 

the time for which the signal is measured and is specified by number of power line 

cycles (NPLC) where 1 PLC for 50Hz is 20msec (1/50).  A high speed measurement 

gives increased noise readings but, faster measurements. Similarly, use of repeat filters 

slows down the measurement process and removes additional noise voltages. 

 

The first attempt to measure piezo - potential generation was more or less a 

testing of the existence of piezo-electric voltage in bent nanowires and also the 

measurability test of the entire system. A voltage time graph measuring the potential 

generated by repetitive bending and relaxation of a ZnO nanowire is shown in figure 52. 

The bending forces as well as the relaxation times here are randomly chosen and no 

particular order is being followed, resulting in random rise and fall in voltages. The rise 

in voltages in correspondence with applied bending forces on the nanowire re-

confirmed the piezo-potential generation principle of bent ZnO nanowires and also the 

fact that ZnO nanowires are highly elastic and can be subjected to bending forces 

multiple times without damage. It also testified the remote measurability of the devised 

measuring set-up. 

 

 

Figure 52. A voltage time graph measuring the potential generated by repetitive 

bending and relaxation of a ZnO nanowire. The bending forces as well as the 

relaxation times here are randomly chosen and no particular order is being 

followed, resulting in random rise and fall in voltages. 
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At times the measurements were halted by disconnection caused by sudden 

vibration of the internal FIB chamber or the manipulator. A sharp rise in voltage upto 

the maximum allowable limit was an indication of the lost contact, which could also be 

observed in the computer screen connected to the device. Repeated contacting and non-

contacting gave rise to stages of short circuit and open circuits, giving rise to voltage 

pulses being measured as is shown in figure 53. 

 

 

 

Figure 53. (Left) Voltage time graph indicating a drop in voltage, when the 

tungsten needle comes in contact with the ZnO nanowire and a rise back to the 

open circuit value when disconnected. (Right) Voltage time graph showing 

continuous frequent connecting and disconnecting between the tungsten needle 

and the ZnO nanowire leading to voltages pulsating between the open circuit and 

closed circuit values. 

Manipulating the tungsten probe for applying just enough force on the nanowire 

for energy generation, without disconnection was a challenge. This was because, the 

manipulator probe suffered from internal vibrations at times, and sudden vibrations not 

only broke the established contact between the two, but at times tangled with the 

nanowire thereby breaking it. Initial measurements taken resulted in unwanted 

disconnections between them. A straight rise up to the compliance voltage of 2 volts 

indicated a snapped connection.  

Figure 54 shows an initial piezo-potential measurement graph. After establishing 

a contact, and allowing for settling time, bending forces were applied and a rise in 

voltage was measured. The pushing force was applied too early and as seen from the 

graph the first rise in voltage occurs, even before the voltage had completely dropped 

down to zero. After the slight push, the voltage was allowed to drain internally to a near 

zero value by relaxing the bent nanowire. The relaxed nanowire was pushed again, after 

it had settled down nicely, and piezopotential generated showed a rise in measure 

voltage upto a value of 0.45 V. After relaxation of the nanowire back again to its steady 

state, it was pushed again. This time however, the rise in voltage was not a steady 

upward. This was due to internal vibration affect of the needle probe, which is followed 

by a disconnection as can be seen for a straight rise in voltage to the compliance limit.  
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Figure 54. Initial piezo generated voltage measurement efforts. Voltage-time 

graphs show voltage values of 0.35 to 0.45 V being measured after a contact had 

been established and the nanowire was pushed.  

When a nanowire is bended slightly, it gives an instant rise in voltage and the 

voltage settles down to a near zero value when the nanowire was allowed to relax. 

Since, the charge separation remains as long as the physical strain is there, the 

relaxation of the mechanically deformed nanowire results in release of the strain and 

internal discharge occurs indicated by a fall in the measured voltage [27]. The decay of 

the voltage was slightly slower than the rise, as the internal discharging is a slower 

process. More the bending more was the rise in voltage, confirming the fact the piezo-

potential generation depended on the applied bending force. When the manipulator 

probe was held on for sometime after the nanowire was bent, such that it remained bent 

for a while, the sharply increasing voltage stopped at a certain value and then started to 

fall off, unless it’s pushed back again. Voltage time graphs were measured and recorded 

for the potential generated by repetitive bending and relaxation of a ZnO nanowire. The 

potential generated for different bending forces were measured, while the relaxation was 

applied until the voltage generated had internally neutralized to a near zero value, before 

applying the next bending force. This gave better rise and fall curves and showed higher 

magnitudes of piezo-potential generation for bigger applied bending force. Also, the 

nanowire showed a highest generated potential of 1.41 V, beyond which, there was no 

increase in piezopotential even with increased bending force. This indicates that there is 

a limitation to the potential that can be extracted by bending a single nanowire of zinc 

oxide. The voltage-time graph measuring piezo-potential generated by repetitive 

bending and releasing of the nanorod is shown in figure 55. Some random noise 

voltages were observed due to internal disturbances of the FIB chamber. 

 



 

 

 

67 

 

 

Figure 55. A voltage time graph measuring the potential generated by repetitive 

bending and relaxation of a ZnO nanowire. The potential generated for different 

bending forces were measured, while the relaxation was applied until the voltage 

generated had internally neutralized to a near zero value, before applying the next 

bending force. This graph showed higher magnitudes of piezo-potential generation 

for bigger applied bending force. Also, the nanowire showed a highest generated 

potential of 1.41 V, beyond which, there was no increase in piezopotential even 

with increased bending force. 

Apart from bending the nanowire with a slow and continuous mechanical push, 

sudden bending forces were also applied by pushing it stepwise with rapid impulsive 

bending forces. A very steep rise in voltage was observed and removal of the force 

resulted in the measured voltage decreasing to a near zero value instantly.  

Precise and sharp stepwise force was applied on a single nanowire resulting in 

continuously decreasing bending angles. The nanowire was not allowed to relax, but 

pushed further as soon as the generated potential started showing a decline. Voltage as 

high as 1.84 Volts could be achieved by firm pushes with a total bending angle of 

approximately 14 degrees. This confirms the fact that the piezopotential generated is 

proportional to the applied force (degree of deformation). Also, if the nanowire is not 

allowed to relax, and firm bending forces are continuously applied, further enhancement 

in piezo-voltage generation could be achieved. The continuous and firm pushing was 

however made possible only by having a hook shaped tip for the tungsten needle, so that 

the contact between the needle and nanowire could be kept intact even after firm 

pushing forces being applied. Figure 56 shows (Left) the SEM images of tungsten 

needle shaped like a hook and firm deformation forces applied on the nanowires along 

with the approximate angle of deformation and (Right) the voltages measured with 3 

continuous firm pushes being applied to the nanowire. The hook shape of the needle 

was created by careful ion milling and removing substance from the needle as required. 
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Figure 56. (Left) Scanning electron images of nanowire (a) position before bending 

(b) position after bending (c) and (d) bending angle being measured.  The bending 

was done in steps and voltage generated was measured after the sudden bending 

force was applied. No relaxation was allowed and the next bending impulse was 

applied after signs of internal voltage decay were observed. (Right) The measured 

piezo-potentials after the bending impulses were applied. 

4.5.3 Mechanical resilience of ZnO nanowires 

The ZnO nanorods showed extreme tensility as they were forcefully bent and 

found to come back to their original positions despite repeated bending. A limit test of 

resilience showed that ZnO nanowires showed high resilience before actually crossing 

its elastic limit. After that point the nanowire failed to come back to its original position. 

Most bending exercises done were non destructive except when it was intended to. 

Figure 57 shows a nanowire being bent to more than 30 degrees, and subsequent release 

of force could not bring it back to its original position indicating that the elastic limit 

had been crossed. 

 
 

Figure 57.  Scanning electron microscope image of (A) a ZnO nanorod being bent 

to almost an angle of 30 degrees (B) the bending is continued to an angle of almost 

60 degrees and released (C) The nanowire is found to cross its elastic limit and get 

permanently bent. 

 

4.6 Piezoelectric ZnO on flexible substrate 

Conducting glass substrates are hard and rigid and hence are not usable for 

foldable electronics. Use of flexible substrates with piezoelectric ZnO nanowires allows 

the deformation of the nanowires by bending the substrate. Conducting flexible 

substrates could be used in systems requiring foldable power sources like foldable 
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electronics or wearable biomedical devices. A plastic substrate would also make the 

energy harvester very light and economic. These flexible piezo-electric materials could 

harvest energy from mechanical energy available abundantly in our surroundings. So, 

arrays of ZnO nanorods were grown on different flexible substrates and the feasibility 

aspects were studied. After successful growth on conducting as well as non conducting 

flexible substrates, devices were fabricated and piezo-potential generated by bending 

the flexible substrates and measured using a measurement setup that will be described in 

later sections. 

ZnO nanoparticles were synthesized as described in methodology section. 

Flexible substrates like PET and PVC available as packaging materials were used as 

they could be bent easily. Also, commercially available ITO coated PET substrates were 

used. The non conducting plastics could be rendered conducting by sputtering a metal 

layer on one side. This was done by sputtering a layer of metallic gold with the help of a 

sputter coater machine and it was found that a metallic gold layer could be made on 

PET and PVC materials easily and were found to attach well to the surface.  

 

Figure 58. ZnO nanorod on plastic substrates. Camera images showing the PET 

and PVC substrates before nanorod growth [(b and (e)] and after nanorod growth 

[(c) and (d)] while (a) and (d) show low resolution scanning electron microscope 

image of the grown nanorods. 

The emphasis of the work was on the growth of ZnO nanorods on different 

flexible substrates for possible use in foldable energy generators. ZnO nanorods were 

successfully grown on a wide variety of flexible substrates like polyvinyl chloride 

(PVC), polyethylene terepthalate (PET), ITO coated PET, aluminium coated paper, zinc 

foil, etc. The key issue is the proper attachment of the ZnO seed nanoparticles to the 

substrates for which the surfaces need to be pretreated. However, if the substrate has 

hydroxyl groups on the surface, then easy attachment of the nanoparticles is possible 
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through the formation of hydrogen bonds [137]. A thin layer of dodecane thiol on the 

substrate also allows irreversible bonding with the ZnO nanoparticles [138].  

ZnO nanorods were grown on plastic substrates that are used in our daily life. 

For example, PVC material used for packaging medicinal tablets and PET substrates 

used for packaging mostly electronic hardwares were chosen randomly. Figure 58 

shows the digital camera images of these substrates before and after ZnO nanorod 

synthesis and low resolution scanning electron microscope image taken using a table top 

microscope TM-1000 (Hitachi).  

After successful synthesis of ZnO nanorods on these nonconducting substrates, 

substrates with a conducting layer on them were used. ITO coated PET available 

commercially and paper substrates with aluminum layer on them were used to grow 

piezoelectric ZnO nanorods on them. 

We also used paper as a probable material to be used for foldable power sources. 

However, the paper substrates had the problem of getting worn out due to continuous 

exposure to liquid. So, the substrate was modified. First, it was made conducting by 

sticking a conducting aluminum tape on it. After that all the sides were covered by heat 

resistant polyimide tapes, in such a way that the seeding solution or the precursor 

solutions for ZnO growth could act only on the conducting aluminum layer and not on 

the paper substrate. Figure 59 shows the photographic images of ITO coated PET 

substrate and aluminum coated paper substrates before and after ZnO nanorods are 

grown on them. 

 

 

Figure 59. Photographic images of ITO coated PET and aluminum coated paper 

substrates before ZnO nanorod growth [(a) and (c)] and after nanorods being 

grown on them [(b) and (d)]. 

As pre-synthesized ZnO nanoparticles were used for seeding, the orientations of 

the nanorods are not vertically aligned, which is instrumental in the design of the 

nanogenerator. Figure 60 shows scanning electron microscope images of ZnO nanorods 

grown on different substrates. 
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Figure 60. Scanning electron micrograps of ZnO nanorods grown hydrothermally 

on different substrates (a) PVC (b) Zn foil (c) PET (d) ITO coated PET. 

Substrate cleaning was done using ethanol for the plastic substrates as acetone 

was found to deform their shape. Experiments were done to check the thermal capacity 

of these substrates by putting them in water and putting them at changing temperatures 

for long periods of time. Because of their thermal stability as well as conducting nature, 

ITO coated PET was used as flexible substrate for the growth of piezo-generating 

nanorods. ZnO nanorod growth was carried out following procedures described in 

methodology section. 

4.7 Electrode preparation 

Electrodes that could touch the ZnO nanorod tips during their deformation were 

needed for energy tapping from nano energy harvesters. The possible structure that 

could achieve this requirement was metallic nanorods, slightly bigger but shorter than 

the piezoelectric nanorods. The easiest way to achieve this is by fabricating a thin layer 

of metallic gold on the already built ZnO nanorod arrays. To start with, a simple metal 

layer was deposited on a substrate to be used as top electrode [139] and also prepared 

metal coated nanorod structured electrodes and pure metallic electrodes in a zig-zag 

shape prepared using anodic aluminum oxide nanoporous membranes as templates. 

These methods were experimented for having electrodes that could extract generated 

piezo-potentials and are described later on. 

Piezoelectric ZnO nanorods were grown on substrates using ZnO nanoparticles 

as a seed layer. The experimental procedure included synthesis of ZnO nanoparticles to 

be used as a seed layer for growth of ZnO nanorods, cleaning of substrates and then 

applying surface treatment procedures for proper adhesion of the seed layer, synthesis 

of vertical ZnO nanorods as described previously in methodology section. Top electrode 

was then prepared, device fabricated and electrical measurements were done as 

described below. 
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4.7.1 Gold coated electrode  

Metallic gold was sputtered on a glass substrate using a GSL-1100X-SPC-12 

compact plasma sputtering coater. 110 mA current for about 25 seconds, repeated 3 

times to get an even conducting layer of about 40 nm. For the Au sputtered ZnO 

nanorods to pick up the piezo-potential, it needs to be perfectly conducting and exhibit 

Ohmic behavior.  

To confirm the continuity of the metal layer, the current voltage (IV) 

characteristic of the Au coated electrode was measured between two ends by applying a 

voltage ramp from 0V to 0.1V. The resistance measured was ~ 30 . This is shown in 

IV curve in figure 61. 

 

 

Figure 61. Current voltage (I-V) characteristic of the Au coated ZnO nanorods on 

the flexible substrate. 

 

4.8 Device fabrication and piezo-potential measurement 

Using the gold sputtered electrodes piezo-energy harvesters were devised and 

tested. While the ZnO nanorods on hard substrates were subjected to mechanical 

bending by applying force on top of the electrodes, the piezo-generators on flexible 

conducting substrates could be easily bent by bending the substrates. 

4.8.1 Device fabrication and measurements – using hard substrates 

The Au sputtered electrode was placed on top of the substrate with ZnO 

nanorods and firmly affixed using glue at the edges. Leads were taken out from the 

conducting sides of both the gold coated electrode and the substrate with the 

piezoelectric nanorod array on it using silver pastes. The gold sputtered electrode was 

then placed on top of the nanowire array and firmly affixed to the substrate using 

adhesive tapes. 

A a Keithley 6430 high precision multimeter was used for measurement of 

piezo-potentials generated which was interfaced to a remote computer through a general 

purpose interface bus or GPIB interface. The physical connection uses the USB port of 

the computer and the GPIB port of the meter uses IEEE–488 communication with a 

default memory address of 24, to transmit real time data. Physical connections were 

achieved between the nano-generating device and the meter through connecting cables. 
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The computer was programmed for continuous time data acquisition with labtracer 

software for measurement of voltage produced against time by bent nanorods.  

The arrangement for extracting energy from the ZnO nanorods is shown 

schematically in Figure 62.  

 

 

Figure 62.  Diagrammatic illustration of the scheme to produce and extract a 

piezo-potential from an array of ZnO nanorods. 

When pressure is applied on the top electrode, the ZnO nanorods get bent due to 

applied force. Charge separation occurs in the ZnO crystals and multiplies to the entire 

nanorod in such a way, that the elongated side has excess positive charge while the 

reduced size has excess negative charge.  As can be seen from the figure 62, the gold 

electrodes touch the elongated sides of the nanowires whenever they are bent. As a 

result, the positive charges are transferred to the external metering circuit. These 

potentials are picked up by the top electrode, and are detected by the Keithley 

electrometer connected across it. When the pressure is released, the ZnO nanorods go 

back to their original position and hence to the neutral state. This makes the potential 

drop back to zero [140]. 

 

Figure 63. Graphical plot depicting the voltage versus time plot for piezoelectric 

potential generated when pressure is applied on them, so as to mechanically bend 

them. The generated potential shows decrease in magnitude as the pressure is 

reduced and goes back to a near zero value when the pressure is completely 

released. 
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An Ohmic or Schottky contact can be created between a semiconducting 

material and the conducting electrode depending on the work function value of the 

conducting material and the electron affinity of the semiconducting material. In this 

work, a schottky contact is more useful, as it will ensure the transfer of only the positive 

charges to the external circuit. This will result in enhanced output voltage as 

cancellation of opposite charges will negligible. Gold and ZnO create a Sschottky 

contact between them [141] due to large difference between the electron affinity of ZnO 

of 4.1 eV [142] and the work function value of metallic gold which is more than 5.1 eV 

[143]. 

Thus, whenever a small pressing force is applied on the top electrode of the 

device, a corresponding voltage is measured by the measuring setup. More the applied 

force more is the generated potential across the nanowires and hence more is the voltage 

measured in the measuring setup. That is, the piezo voltage generated and detected is 

dependent on the amount of pressure applied or in other words, the amount of bending 

of the ZnO nanowires. The pressure force was created by pushing the top electrode, 

resulting in bending of the wires. Figure 63 shows the voltage-time graph for the 

voltages measured for two different applied pressures. For a larger pressure 0.7 V was 

the recorded piezo generated voltage and 0.38 V was measured for a relatively lower 

applied pressure. When the pressure was released, the voltage dropped, signifying that 

the resilient nanowires return to their original neutral state. 

The output voltages obtained are good enough to be used for practical powering 

of devices. The main reason behind this is that putting pressure on the nanorods from 

top ensures sufficient bending and hence the generation of useful potential. Also, the 

Schottky contact with the top electrode ensures that the opposite charges do not cancel 

each other before reaching the external circuit. Further, the slow operational frequency 

of applied pressure ensures that the output circuit has enough time to pick up the 

signals, before the nanorods move back to their neutral positions.  

4.8.1.1 Ultrasonic vibrations 

These energy harvesters were tested for piezo-potential generation under ultrasonic 

vibrations and it was found that no significant signals could be detected. Since, initial 

measurements did not lead to any generation of voltage which could not be 

distinguished as signals. So, bending and pushing were taken as the forces for piezo-

potential generation. This is because, if high frequency vibrations like ultra-sonics are used 

instead of physical bending, the imparted bending is too low and since generated potentials 

of ZnO nanorods depend mainly on the amount of bending or the bending force applied, the 

amount of potential generated by such high frequency vibrations are negligible and cannot 

be distinguished from background noise. Also, the rate at which the nanorods are bended 

and relaxed is too fast for any measuring unit. The nanorods revert back to the neutral state 

after piezo-generation effort before the signals can be actually picked up and transferred to 

the output circuit.  

4.8.2 Device fabrication and measurements – using bendable substrates 

Similar procedure was followed for device fabrication and measurement of 

piezo-potential generation with bendable substrate and electrode except that, mechanical 

bending was imparted on it instead of applying pressure. A simple layer of metal is not 

the best electrode as friction between the electrode and the nanorods is very high and 
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leads to easy removal of metal from the electrode. This breaks the continuity of the 

metal layer and renders the electrode useless very easily. 

We replaced the simple gold coated electrode with an electrode which was 

prepared by first growing ZnO nanorods on a plastic substrate and then sputtering the 

gold layer on it. Continuity test was done for this electrode also and was found to be 

highly conducting. Figure 64 shows the optical image of gold coated ZnO nanorods, 

taken using a simple laboratory microscope.  

 

 

Figure 64. Optical microscope image of ZnO nanorods on plastic substrate with a 

layer of metallic gold sputtered on them. 

The schematic arrangement for extracting energy from the ZnO nanorods is 

shown in Figure 65. The piezo potential is highest on the edges near the tip of the 

nanorods just below it and gradually decreases towards the base [144]. In the 

sandwiched structure shown in Figure 65(b), the Au coated ZnO nanorods pick up the 

voltage generated in the nanorods when they are bent using mechanical force. Upon 

applying pressure from both sides (as shown in Figure 65(c)), the nanogenerator 

package gets bent resulting in bending of the ZnO nanorods.  The gold coated nanorods 

become stiff, so that not effective bending can occur in the ZnO nanorods inside and the 

setup can only work as an electrode for energy tapping. The piezopotential develops 

near the tip with respect to the base of the nanorods so that there is a surplus of positive 

charge on the stretched side and a surplus of negative charge on the reduced side. Upon 

releasing the pressure, the generator package and the ZnO nanorods return to their 

original shape and the potential drops back to zero. 
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Figure 65. Schematic diagram showing the arrangement of the piezo electric 

energy generator (a) ZnO nanorods grown on flexible conducting substrate for 

generating the piezo potential and the Au coated ZnO nanorods for extracting the 

energy (b) the sandwiched arrangement of the nanogenerator (c) bending of the 

ZnO nanorods when the flexible nanogenerator is bent. 

The sputtered ZnO nanorods are slightly thicker because of the Au layer (about 

400 – 500 nm) and made purposefully shorter (about 2 m) by reducing the growth 

time. Scanning electron micrographs of the ZnO nanorods (without and with Au 

coating) are shown in Figure 66.  The hexagonal shape of the nanorods is quite evident 

in the top view shown in Figure 66(b). ZnO nanorods grow anisotropically along the 

[0001] direction and as such the nanorods’ orientations are not all vertical and are 

dependent upon the orientation of the ZnO nanoparticles at the top of the seed layers. 

However, this type of orientation is useful for the nanogenerator as it allows the Au 

coated nanorods of the tapping electrode to move in between the gaps. 

Figure 66 shows scanning electron microscope image of ZnO nanorod before 

gold sputtering and close up of an exposed tip of a ZnO nanorod covered with gold. 

 

 

Figure 66. Scanning electron micrograph of ZnO nanorods (a) grown on 

conducting FTO substrate (b) sputtered with Au. 
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Upon applying pressure with the fingers as shown in Figure 67(b), a voltage 

could be detected which was observed to be dependent on the amount of pressure 

applied or in other words on the amount of bending of the ZnO nanorods. The voltages 

obtained for two different applied pressures are shown in the voltage-time plot in Figure 

67(a). Maximum voltages measured for the two bending pressures are ~ 1.2 V and 0.45 

V. Upon releasing the pressure the voltage decreases indicating the return of the 

nanorods to the original state due to elastic effect. 

 

 

 

Figure 67. (a) Voltage–time plots showing the generation of piezo-potential upon 

two different degrees of deformation (b) photograph showing the bending of the 

nanogenerator. 

In this arrangement, the gold coated nanorods are of the slightly higher diameter 

but shorter length than piezo-generating nanorods. Both factors confirm that the 

electrode rods do not get in contact with the bottom layer of the conducting substrate of 

the piezo-generating rods, thus preventing any possibility of a short circuit.  Also, the 

distance between any two ZnO nanorods is more at the top and decreases towards the 

base. Due to these two facts, the electrode touches the ZnO nanorods at their tips only. 

This allows the arrangement to draw maximum piezo-potential, which is generated only 

at the nanorod tips. Since, the piezo-potentials generated depend on the amount of 

deformations and remain as long as the deformations remain we have a higher voltage 

measured when the arrangement is bent to larger extent than when we bend it just 

slightly. Whenever, the bending force is released, the nanorods move back to their 

neutral state and generated voltages drop back to zero. This also confirms the fact that 

nanostructures of ZnO are extremely resilient in nature and can be used for multiple 

bending operations.  

Similar to the electrode with a simple layer of metal, the output voltages 

obtained are good enough to be used for practical powering of devices. Bending the 

substrates from both ends ensures that bending is significantly being transferred to the 

nanorods. This leads to charge separation of the bent rods, and useful potential could be 

generated. Also, the Schottky contact with the top electrode ensures that the opposite 

charges do not cancel each other before reaching the external circuit. Further, the slow 

operational frequency of applied pressure ensures that the output circuit has enough 

time to pick up the signals, before the nanorods move back to their neutral positions. If 

high frequency vibrations are used instead of physical bending, the imparted bending is 

too low and the nanorods revert back to the neutral state, before the signals can actually 

be picked up and transfered to the output circuit. 
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It should be remembered that only negative voltages are extracted by this energy 

harvester. This is primarily because gold electrode and ZnO produce a Schottky contact 

between them. The positively charged stretched sides of the piezo generating nanorods 

create a reverse biased contact with the electrode because of inherently negative ZnO 

semiconductor. Also positive charges generated by piezo-effect are cancelled to a large 

extent by oppositely charged conduction band electrons [145]. On the other hand, the 

compressed side has a higher negative potential than the negative ZnO, thereby creating 

a forward bias. Also, the screening effect by opposite charges is considerably low on the 

compressed side because of low donor concentration on n-type nanowires, leading to 

significant output voltages. The polarities of the graphs have been reversed for better 

visual effects. 

4.9 AAO as template for metal electrodes 

Different methods of bending the ZnO nanorods were tried during the study 

process of the mechanical abilities of the nanorods. It was found that pushing them from 

the top makes the ZnO nanorods crack at the middle. Specially, nanowires with higher 

diameters are more fragile than thinner ones. On the other hand, pushing them for 

bending makes them re-usable for many times. This can be seen in figure 68, showing 

the scanning electron images of a ZnO nanorod when force is applied by pushing it 

from the top and the side.  

A thin layer of metal sometimes wears out due to the continuous friction 

between the bending and un-bending of nanowires and the metal layer on the electrodes. 

The metal layer might be taken away by friction and might get discontinuous. This will 

leave the electrodes useless after a few applications. An electrode made of only metal 

can be an answer to this. Designing a metal structure in the required format is not an 

easy task and can be done using templates. So, we use the nano sized pores of AAO 

membrane for designing such an electrode for a piezo-energy harvester. The entire 

process is described below. 

 

Figure 68. Scanning electron microscope images of ZnO nanorod (left) on the 

verge of cracking at the middle being pushed from the top and (right) being 

pushed from the right. 

The problem associated with the electrodes described above was that the 

metallic gold layer was only a thin layer of 30-40 nms added on to other type of 

substrates that tends to wear out on friction. Also, application of hard forces from above 

tends to break the nanorods at the middle, especially if the nanorods are of higher 

dimension. Hence, if we apply force from the top there is the possibility of breaking the 
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nanorods in the middle and in both type of deformation forces the thin metal layers 

suffer from friction forces and every bending effort leads to removal of the externally 

applied metallic layers in slow amounts. After few applications the entire layer may 

come off the substrate. These problems could be overcome, if the nanorods are made 

thinner in diameter and to have an electrode which is made entirely of metal.  

Metal electrodes were fabricated using nano-porous AAO as template such that 

a soft zig-zag shaped conducting structure is obtained that could be used as top 

electrode for extracting piezo-electric energy harvested from ZnO nanowire arrays. The 

gold coating on the ZnO nanorod makes them hard [146]. The idea is to have metal 

nanorods that are ductile in nature and could touch the tip of the ZnO nanorods when 

bent. So, nanoporous alumina was used as a template to have an array of metallic 

nanowires, to be used as the top electrode of a nano-energy harvester. Since, the entire 

structure is made of metal, it’s bound to be ductile and also it cannot come out as it’s 

not an externally applied layer of metal. Little bit of friction might take away some part 

at times, but that will not render the metal layer discontinuous.  

4.9.1 AAO fabrication 

AAO membranes are fabricated by a two step anodization process after proper 

substrate cleaning and treatment as discussed in methodology section. In the first step, 

electro polishing of aluminum substrate was done with ethanol and perchloric acid. A 6 

hour process of anodisation was done at a voltage of 40 V in 0.3 M oxalic acid. The 

alumina layer formed was removed from the surface by doing chemical etching in a 

mixture of 2% chromic acid and 6% phosphoric acid. Figure 69 shows the scanning 

electron microscope image of the electro polished aluminum surface and the same after 

the first step of anodization. 

 

Figure 69. Scanning electron microscope images of the surface of (left) 99.99% 

pure electropolished aluminum and (right) after first step of anodization. 

 
After the first anodization step, the pores formed are randomly distributed and 

they have uneven diameters. After the etching away of the top layer, the pores are in a 

periodic arrangement with a hexagonal shape. On these the second step of anodization is 

then carried out for 12 hours and the aluminum substrate is chemically etched in 

saturated mercuric chloride. The second step of anodization results in perfect hexagonal 

pores with pore diameters and interpore distances remaining comparable throughout. 

Figure 70 shows the scanning electron microscope image of the AAO surface after 

etching of the first anodized layer and after the second anodization step. The pores were 
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measured to have diameters of about 35 nm and were arranged at about 95 nms from 

each other. 

 

Figure 70. Scanning electron microscope images of (left) aluminum surface after 

etching of the first step anodizided surface and (right) AAO formed after second 

step of anodization. 

 

The nano channels fabricated after the two stages of mild anodization and 

subsequent etching are covered by a thin layer of alumina at the bottom, which is also 

known as the barrier layer (BL). The scanning electron microscope images (top view 

and cross section) of the barrier layer and nano channels are shown in figure 71. The 

perfect hexagonal shape of the nano channels and their ordered arrangement can be 

observed here. This is achieved using 99.999% pure aluminum. If the purity of the 

substrate is less, the orderliness of the nanopores will also be less. The cross sectional 

image shows clearly that the nano channels formed are very straight, parallel to each 

other and have extremely comparable dimensions. 

 

Figure 71. Scanning electron microscope images of anodic aluminum oxide (AAO) 

membrane formed after 2 step anodization and the removal of the barrier layer. 

The top view (left) shows the perfectly hexagonal shape of the nanopores from the 

bottom of the membrane and their perfect alignment while cross sectional view 

(right) shows the parallel nanochannels. 

 

The AAO membrane is obtained by etching the barrier layer using cupric acid 

and hydrochloric acid. Removal of barrier layer chemically also can make the etching 

chemicals enter the nano channels.  This results in etching the walls of the nano 

channels too. As a result, the nanopres start expanding. This can be used to control or 
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tailor the dimensions of the nano pores or nano channels. Bigger nano pores can be 

achieved by simply continuing the etching process for a while and as shown in figure 

72, the same nano pores having diameters of approximately 35 nms could be expanded 

to perfectly hexagonal nano pores of about 75 nms. Thus, the nanopore diameters can be 

controlled by controlling etching parameters.  

 

Figure 72. Scanning electron microscope image of alumina membrane with 

ordered hexagonal pores after the barrier layer has been etched. The etching of the 

barrier layer results in enlargement of the nanopores. 

 

This membrane is used as a template for fabricating metal nanorods. The non-

conducting membrane is rendered conductive by sputtering a thin layer of metallic gold 

using a SPC-12 Compact Plasma Sputtering Coater with a current of 25 mA with 

sputtering being done for 110 seconds, repeated 3 times, to get metallic gold layer of 

40-50 nms. On one side of the AAO electrochemical deposition of copper is done using 

a copper sulfate solution, using a voltage 2.2V to 2.4V. Metallic copper gets deposited 

on top of the gold in few seconds. Continuous deposition onto the nanochannels gives 

copper nanorods. Slow etching of the AAO layer in 5% phosphoric acid for a few hours 

at a temperature of 35 
o
C gave copper nanorods on a thin layer of metallic gold. 

Scanning electron microscope images in figure 73 shows copper nanowires fabricated 

using nanoporous AAO membrane. It can be seen from the images that these rods are 

not only highly aligned but they also show significant uniformity in its dimension and 

morphology. 

 

Figure 73. Scanning electron microscope images showing aligned copper nanowires 

with diameters of about 600 nms at two different resolutions. 
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These nanorods were however not favourable to be used as the top electrode for 

a nano energy harvester, as they are highly cluttered and cannot touch the piezoelectric 

nanorod arrays in the desired tips of the deformed piezo-energy harvesters. As 

suggested by Wang et al. [90], a zig-zag electrode could act as the perfect top electrode 

for an energy harvester. In their work they had used microfabrication techniques to etch 

out a zig-zag electrode from silicon and then coat it with a layer of platinum.  

In order to emulate such a structure, the conditions for etching of the AAO 

membrane after copper deposition into the nanochannels were changed. While the 

strength of the acid used for etching was kept at 5%, the etching was done very fast in 

about 30 minutes by raising the etching temperature to 80 
o
C. Because of removal of the 

template at such a fast pace, the thin nanorods fail to stand vertical. They bend until they 

find the tip of a neighboring rod to rest. In the process groups of few nanorods meet at 

the tips, giving this metal electrode the much needed zig-zag shape as is shown in 

scanning electron microscope images in figure 74. 

  

Figure 74. Scanning electron microscope images of copper nanorods after fast 

etching of template membrane for 2 different magnifications. 

Mechanical strengthening of this electrode and a patterned growth of ZnO 

nanorod to compliment this electrode structure would lead us to a highly efficient nano-

generator, usable for self powered devices. 

4.9.2 Strengthening of electrode and wire connection 

The above electrode serves our purpose to be used for a piezo energy harvesting. 

However it is very fragile and needs strengthening. Also, connections arrangements are 

to be done to the external world. The strengthening of the material is achieved by using 

a polymer, polydimethylsiloxane or PDMS. In order to do that, in the above mentioned 

process, after the formation of the gold layer, we stick a copper wire on it with the help 

of an aluminum sticker. We then form a thin layer of PDMS on it. This is done by 

making a 1:10 ratio of hardening element and the curing agent and the mixture is 

dropped on to the gold layer with the copper wire stuck on it. It is then heated at 80 
o
C 

resulting in solidification of the polymer layer. After this, the electrochemical 

deposition can be done into the nanochannels from the reverse side and AAO etched to 

get the desired electrode, with the polymer layer for mechanical strength and a strong 

electrical connection point to measuring setups.  

4.10 Patterning of ZnO nanorod array using electron beam lithography 

 

Electron beam lithography was used for creating a patterned ZnO nanowire 

array. A seed layer of ZnO was grown on a conducting substrate. An electron sensitive 
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polymer layer of poly (methyl methacrylate) or PMMA was spin coated on top of the 

seed layer. It was then baked on a hot plate so that the solvent is evaporated. This layer 

is then exposed to the electron beam according to predetermined pattern. The exposed 

area is then developed using a developer solution. 

A program called nanometer pattern generation system (NPGS) installed in a 

remote computer connected to the microscope can be used for writing patterns into a 

substrate. The beam exposure time for required pattern can be varied for different hole 

sizes. The exposed PMMA is developed in a 1:3 solution of MIBK/IPA (methyl 

isobutyl ketone / isopropyl alcohol) for 1 minute. It is then rinsed in pure IPA for 45 

seconds. Trial and error method is used to get exact pattern by checking in optical 

microscope and/or scanning electron microscope for pattern development. 

PMMA was used as the polymer for patterning surfaces at higher resolutions in 

this work. It is a positive resist. When exposed to low doses of electron beam 

irradiation, the polymer chain breaks into shorter chains and become soluble in a 

commonly used chemical developer solution called MIBK (methyl isobutyl ketone). At 

higher doses, the chains cross link and becomes insoluble in MIBK. This makes it a 

negative resist.  

EBL systems are usually operated at 50 or 100 KeV. Higher energy gives 

smaller beams and used for high resolution patterning or imaging. When the electron 

beam hits the sample, elastic interaction between them gives forward scattered electrons 

and inelastic interaction gives secondary electrons. Travelling of electron through resist 

produces backscattered electrons from substrate and will degrade pattern quality. 

The spin coating was done in 4 steps. The spin coater was first subjected to 

vacuum process. 1 ml of PMMA 495K A4 is deposited on the substrate with a syringe. 

First spin coating is done at 500 rpm for 5 seconds followed by a 55 seconds process at 

1000 rpm. The substrate is then baked on a hot plate for 1 minute at 170
o
C. This gives a 

PMMA layer of about 50 nm as measured by AFM. 

 

Figure 75. (Left) Optical microscope image of pattern created by EBL on ITO 
glass substrate with ZnO seed layer and a thin layer of PMMA as resistant 
material after developing the pattern. (Right) ZnO nanorods grown on the 
patterns. 
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Figure 75 shows a pattern created on ITO glass with seed layer of ZnO 
nanoparticles using the EBL method described. For aligning and positioning the pattern, 
markers are made on the sample substrate by a quick scan using the electron beam at a 
lower magnification. This keeps the electron amount less than that is required for 
breaking the polymer chains of the polymer layer. The electron beam writes the design 
pattern in the desired areas inside the SEM chamber. It is important to control the 
electron beam during exposure in such a way that the polymer layer is neither 
overexposed nor underexposed. 

 
Onto these seeded, patterned substrate, ZnO nanorods were grown following 

methods described earlier. It was found that the holes etched out through the PMMA 
layer were little too big for growing a single nanorod from them. While the holes 
created were about a few microns in diameter, the seed particles were barely a few 
nanometers. Due to differently oriented seed particles inside the same hole, nanorods 
could grow on the patterned substrate but had flower like structures, as shown in figure 
75. Reduction in the exposure time and better orientation of the seed layer should give 
us the desired patterned structure of the nanorods.  
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CHAPTER 5 

CONCLUSIONS AND FUTURE RECOMMENDATIONS 

 

5.1 Conclusions 

 

ZnO nanorods were grown successfully on different substrates using 

hydrothermal methods and different methods of seeding. The growth properties were 

studied and the factors controlling growth dimensions were investigated and identified. 

The growth parameters like temperature, time and reactor concentration could be 

changed to procure different dimensions of the nanorods. Higher temperature, longer 

growth hours and higher molarity of precursor solutions gave faster growth of the 

nanorods. However, the chemical bath did not amount to any dimension enhancement of 

the nanorods after certain hours due to exhausted ions and needed regular changing. 

Two different seeding methods led to the relative control on the orientation of the 

nanorods. Seeding directly on the substrate using zinc acetate solution gave highly 

vertical and dense nanorods. But, seeding through pre-synthesized ZnO nanoparticles 

gave ZnO nanorods that opened up at the top due to seed particles being oriented 

differently. This type of nanorod structure was more favourable for the application of 

piezo-energy harvesting. 

 

ZnO nanorods were grown on conducting substrates and electrical, piezo-electric 

and mechanical properties were studied in a FEI Strata DB235 SEM/FIB chamber 

equipped with a tungsten needle capable of touching and bending a nanowire. Positive 

and negative voltages were applied after establishing a contact between a nanowire on a 

conducting substrate and the conducting nano-manipulator to have current-voltage 

graph to establish the electrical conduction properties of the contact. Ohmic contacts 

could be established due to very close values of work function of tungsten and ZnO. 

However establishing Ohmic contacts were difficult for extremely thin nanowires with 

uneven surfaces due to other factors coming in. 

 

Different bending forces were applied on the nanorods with the nano-needle. It 

was found that ZnO nanorods are extremely resilient and could be elastically deformed 

to a great extent. This was useful for the purpose of piezo-electric energy harvesting as 

the energy generated depended on the amount of deformation applied on the nanorods. 

A setup for the electrical measurements were designed using a Keithley 6430 sub-femto 

meter, interfaced with a remote computer programmed to make I-V measurements and 

plot graphs. 

 

 Piezo-potential generated by single nanowires were studied and measured by 

using the tungsten nano manipulator for applying deformation forces and measured 

using a similar measurement setup, but programmed for real time voltage 

measurements. It was established that single nanorods are capable of producing huge 

piezo-potentials under sufficient deformation. The potential generated was directly 

dependent on the amount of bending the nanorods undergo before being relaxed to 

normal state.  

 

 ZnO nanorod arrays were built on conducting substrates. Top electrodes were 

designed and integrated with the piezo-electric nanorods to form piezo-energy 
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harvesting units. Bending forces were applied indirectly on the ZnO nanorods by 

applying pressure from top when on hard substrates and by bending the substrates when 

on foldable substrates. In each case it was found that the generated potentials directly 

depended on the applied bending force or on the amount of deformations the ZnO 

nanorods were subjected to. These electrodes created Schottky contacts between the 

semiconducting ZnO nanorods and the metallic gold layers on the electrode. This 

helped in transferring only one type of charge to the external circuit. A unique top 

electrode of metallic copper was designed, which had a zig-zag shape that could work 

as very good electrode for extraction of the piezo-potential generated.  

 

 The generation of piezo-potential when ZnO naorods are subjected to physical 

bending forces was demonstrated. The generated voltages under observation showed 

decrease in value upon reduction or removal of deformation forces. We have also 

successfully used flexible substrates to fabricate a ZnO nanorod based energy generator. 

A potential develops when piezoelectric ZnO nanorods are deformed using mechanical 

pressure due to the absence of a central symmetry in the crystal. This piezo potential 

was observed to decrease as the nanorods get back to their original state. This type of 

piezotronic energy generators can find use in numerous applications like pacemakers, 

where the heart pumping can be used for deforming ZnO nanorods or in wireless 

microphones, where the vibration of the diaphragm can be utilized for self-powering, to 

name a few. 

 

5.2 Future recommendations 

 Due to non availability of facilities in house and shortage of time the patterned 

growth of ZnO nanorods and the measurements for piezo-voltage generation using a 

zig-zag electrode of copper made using a template of nanoporous membrane remained 

to be experimented to final conclusions. So, the patterned growth of ZnO nanorods 

could be an important follow up to this work. This will give a nanogenerator that can 

have a required number of energy harvesting nanostructures on a substrate. This can be 

patterned in such a way that it perfectly complements the zig-zag metal electrode built 

using a nanoporous membrane. The zig-zag electrode could also be accordingly 

designed and a device fabricated using them. Measurement of piezo-energy generation 

by this device will finalize the usability of it in self powered devices. This work can be 

extended upto using these nanogenerators for self powering of simple devices like blood 

dialyzers.   

Various metals can be used as electrode and both Ohmic and Schottky contacts 

could be tested for bi-directional and uni-directional output. Further studies on Ohmic 

and Schottky relations between metal oxide semiconductor nanostructures and different 

metal contacts can be carried out and tested for various nanogenerating devices for 

different kind of applications. The sensing ability of these devices has been 

demonstrated. However, a relation between amount of pressure applied and energy 

generated  is yet to be established, except that amount of energy generated increases 

with the applied pressure. Further studies on this aspect can lead to well defined sensors, 

that are highly portable, self powered, small sized and practically applicable at different 

geographical locations. 

The estimation and measurement of current produced by nanogenerators is also 

an important work to be carried out in future. The amount of current flowing through 

the external circuit can confirm the practical usability of them in self powered devices. 
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In this work the studies were mainly limited to voltages generated as the currents 

generated are expected to be too low in amplitude and needs highly sophisticated 

measuring setups with complete omission of noise. 
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