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ABSTRACT 

 

The patterned synthesis of n-type Zinc Oxide (ZnO) microwires (µWs) is vital for energy 

harvesting applications otherwise very less or no energy is obtained. The patterned synthesis 

of n-type ZnO µWs has been extensively studied via lithographic routes like electron beam, 

nanosphere and nanoimprint. The cost effectiveness, reliability with high-throughput cannot 

be obtained with lithographic routes. 

 

First Lithography is a slow process because selected region is scanned pixel by pixel that’s 

why exposures consume multiple hours to finish so cannot be recommended for industrial 

application. Second lithography equipment expensive in term of capital investment and 

maintenance point of view. The aim of this paper is to demonstrate a simple, fast and cost 

effective synthesis of patterned µWs on anodic aluminum oxide (AAO) template for the 

large-scale fabrication of high output PGs. 

 

The grown µWs have been characterized using XRD, SEM, TEM and EDX. The TEM 

micrographs has confirmed the n-type ZnO µWs were single crystalline and along c-axis. 

The study of XRD revealed that the ZnO µWs had wurtzite structure with well-defined 

growth along c-axis. The SEM micrographs confirmed the uniformity of the ZnO µWs with 

same diameter and height. The SEM micrograph of AAO membrane were taken after the 

second step anodization in oxalic acid at 0° C for 24 hrs and confirmed the diameter of pores 

were about 55-65 nm. The electrical values of the PG, open-circuit voltage output is about 

4-6 mV and short-circuit current output is nearly 0.5 - 1 µA. 

 

Keywords: AAO template, ZnO microwires, Piezoelectric-Generator, Nanopores, 

Piezoelectricity, Hydrothermal Synthesis. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background/Rationale for this dissertation 

 

About half a century ago, the American physicist “Richard P. Feynman” discovered the 

concept of material manipulation at a very small scale during a talk on ‘‘There’s Plenty of 

Room at the Bottom,” (Campos et al., 2007; Gao & Wang, 2005; McKendry, 2002). In 1974, 

the term Nanotechnology was unveiled by Japanese Professor “Norio Taniguchi” of Tokyo 

University of Science. Nanotechnology is a machining technique at atomic or molecular 

level that is about less than 100 nm for the fabrication of materials having unique 

characteristics and attributes. There are mainly two micromachining techniques, top-down 

and bottom-up micromachining. In top-down micromachining materials are miniaturized to 

the atomic scale though upholding their intrinsic characteristics and in bottom-up 

micromachining atomic/ molecular scale components are passed through the procedures as 

described by Drexler to fabricate components (Dalal et al., 2006; Mantini, Gao, Wang, 

D’Amico, & Falconi, 2009; Pan, Dai, & Wang, 2001). 

 

In 1880, the two young assistant brothers Jacques and Pierre Curie reported the discovery of 

direct piezoelectricity in crystalline materials at the Paris Faculty of Science. Piezoelectric 

materials have a crystalline structure and possess two characteristic’s, referred to as the direct 

and converse modes of operation; (Desai & Haque, 2007; Lu & Yeh, 2000; Miao et al., 2007) 

firstly transform mechanical energy into electricity and secondly exhibit change in 

dimension with applied electric potential. In piezoelectric-generators, the electric potential 

is established on the side surfaces when ambient mechanical energies act upon the side 

surfaces it causes deflection in microwires and distortion in the crystalline structure. The 

positive potential is established at the point where force is applied and negative potential is 

established at other fixed end. The numerous studies have revealed that approximately ±0.27 

nV can be established from a single ZnO microwire (Baruwati, Kumar, & Manorama, 2006; 

Falconi, Mantini, D’Amico, & Wang, 2009; Fan & Lu, 2005; Fernandez-Pello, 2002). 

 

Several energy harvesting resources such as sunlight, tides, wind, etc., surroundings 

mechanical energy presents multiple unique benefits. The significant advantage of 

piezoelectricity among many others is its convenient generation without dependency on 

period, environment, position and medium. About few µW to mW can be easily generated 
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from ambient mechanical sources. The ambient mechanical energy has numerous distinct 

advantages amongst all energy harvesting resources (Ayouchi, Martin, Leinen, & Ramos-

Barrado, 2003; He, Hsin, Liu, Chen, & Wang, 2007; Kao et al., 2009). In near future, it is 

expected that the ambient energies would be sufficient to power low power electronics and 

would not dependent upon battery recharging or replacement. 

 

The concept of Piezoelectric Generator was presented in 2006 by Wang group of Georgia 

Institute of Technology. The Piezoelectric Generator is a technology that extracts Electrical 

Energy from ambient energy aiming to power nanodevices. The piezoelectric energy can be 

produced from drops of falling rain, the current due to movement of water, the difference in 

internal and external body temperature, sun light, body movements etc. The novel innovation 

in nanomaterial’s has evolved the piezoelectric field dramatically and now greater energy 

can be produced per unit sq. area of the device and hence in near future environment friendly 

self-powered devices will be showcased in the market. 

  

Since early times it’s desired to have new powering options for electronic devices with less 

negative impact on the environment. Today, it is mostly debated that the present electronics 

powering approach like using batteries is not environment friendly and impacting our 

environment seriously that need to be addressed. If we think about piezoelectric generation 

then it’s a viable logical solution of the environment related issues. The hybrid piezoelectric 

energy generation is likely to generate electricity from multiple sources and incase one 

source is become unavailable or temporality inaccessible then other source would be an 

option. The composite piezoelectric generator are presented by researchers with different 

methods to enhance the efficiency of the piezoelectric generator. 

  

The batteries are the source of the present time all type of electronics either mobile, 

implanted or weared. Since these batteries are not environment friendly and engineering a 

new source that can power these electronics is always under discussion and researchers are 

finding novel ways to power these electronics for the sake of green environment. It is 

fortunate that the size of present electronics is decreasing and novel miniaturization has make 

it possible to integrate several type of devices in single module. This miniaturization has 

resulted in less use of energy. Now still these miniaturized electronics is energized with 

battery source of small size and remain thread to the green environment. To seek a green 

energy for these electronics is a good alternative. 
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In human body, the energy concept has vital significance. All body actions and even at rest, 

the body consume energy. The ratio of energy consumption with the involvement in work 

but the change is not much significance as compare to work output. It is estimated that the 

body consumes about 100W of energy even at rest. The human skeleton and heart consumes 

the most of the energy which is about 25-30%, spleen and liver consumes the same as human 

skeleton and heart that is 25-30%, kidney consumes about 10% and brain consumes about 

15-20%.  

 

Presently, there are numerous method of extracting energy from the ambience and among 

them piezoelectric energy generation is the easiest way with great reasons to straight extract 

energy from the vibration in structures. The possibility of practical device by using other 

methods involve additional components and complex geometries. Furthermore, the 

nanofabrication of piezoelectric generator is very flexible and can be workable with lesser 

precision of the instruments while other method need very accurate precision otherwise no 

result is obtain. 

 

The reported piezoelectric generators do not produce enough energy to continuously 

energize any system. To resolve this issue, the multiple researchers has reported various 

novel methods include hybrid structure of the system and few suggest that the use composite 

nanomaterial’s can resolve the low power generation issue. There are mainly two software 

programs used for the designing and simulation of the piezoelectric generator. The Ansys 

and Conventoware both are industrial popular software’s for assessing the structure of the 

piezoelectric generator and calculate its output. Furthermore, there is a need to enhance the 

charge density of the piezoelectric generator. It is quite difficult to perform surgery again 

and again, therefore it is proposed to evolve hybrid piezoelectric generator for longer lifespan 

of the generator that is more than 15 years.  

 

There is a limitation of the piezoelectric generators is that it can only produce any against 

one action. Incase such ambient source become unavailable then the generator become 

unworkable and cannot be used any more. This is a difficult scenario for the implantable 

electronics because such devices are paced inside human body by mans of surgery and 

multiple surgeries are not possible at same location. This issue can be overcome with the use 

of coupled nanostructures and if one source become unavailable then other source would be 
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an option. The use of composite nanostructures ad nanomaterial incorporate the great 

flexibility in the device which benefit in long operation of the device. The areas where inside 

and outside temperature is possible then such material should be selected to produce energy. 

This dissertation is mainly focused to AAO template based patterned synthesis of ZnO for 

piezoelectric generator. 

 

During the last decade, the ZnO microwires have gained much attention due to several 

significant chemical characteristics and usage in numerous growing fields like 

piezoelectricity, optoelectronics, photonics, and actuators. The ZnO is easily available 

semiconductor at very low cost and piezoelectricity is one of the major characteristics of 

ZnO microwires that has been vastly studied for use in micro and nano-systems (Birkholz, 

1995; Pi, Zhang, Wen, Zhang, & Wu, 2014). 

 

The uniaxial loading studies of ZnO microwires indicates that the decline in piezoelectric 

constant is because of bonding distance with polar (0001) surface and also due to microwires 

axial configuration (Hutson & White, 1962). The investigations revealed that the synergy 

effect and major performance improvement can be resulted by using hetro-junction structure 

(Wang, 2012; Xiang, Yang, Hou, & Zhu, 2006). The energy harvesting from the motion of 

the objects in our routine life to power electronics was presented with rotating disc-structure 

and piezoelectricity were measured while applying brakes and acceleration modes (Chang, 

Dommer, Chang, & Lin, 2012). The flexible piezoelectric-generator synthesized on 

polyimide substrate was presented that can generate up to 7 V with 58 nA ("Piezoelectric 

energy converter for electronic implants," 1969). The self-powered biosensor is fabricated 

with ZnO nanowire that can efficiently detecting biomolecules with bonding of piezotronic 

and biosensing (Snyder, 1985). The biological degradable energy harvester fabricated on Ag 

ink as a top electrode to demonstrate the efficient energy conversion rate up to 160 V and 

6.6 μA/cm2 (Bahnemann, Kormann, & Hoffmann, 1987). The self-powered portable H2 

sensor was developed from SnO2/ZnO nanoarray that not only display without any power 

source but also collecting response signals (Vergés, Mifsud, & Serna, 1990). 

 

The piezoelectric-generator converts mechanical strain into electric charge. The patterned 

synthesis of n-type zinc oxide microwires is vital for energy harvesting applications 

otherwise very less or no energy is obtained. Mostly top-down lithography approach is used 

to fabricate piezoelectric-generators, with e-beam lithography patterning at a resolution of 
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~20 nm is possible (Schiffer, 1991) and with photolithography resolution of approximately 

1 micron is possible (Dal Corso, Posternak, Resta, & Baldereschi, 1994). Some lithography 

techniques need mask-plates, thus increase costs and time delays associated with mask-plate 

preparation. In e-beam lithography, scanning pixel by pixel across the sample patterned areas 

therefore exposures take many hours to complete. On large scale, every sample time will be 

multiple of quantity. The aim of this dissertation is to demonstrate a simple, fast and cost 

effective bottom-up synthesis of patterned microwires on AAO template to nanofabricate on 

large-scale with high piezoelectricity output. 

 

1.2 Motivation 

 

It’s significantly important in present era to have green and renewable energy recourse that 

cause less solid waste. The usage of mobile electronics in last couple of decades has 

increased tremendously that consequently escalated the usage of batteries. The battery usage 

is now part of our daily life and extensively found in various forms from tiny, medium and 

high-performance energy storages. 

 

Today people are widely using electronics to do their work and it’s become more crucial to 

explore renewable and green energy opportunities that furnish cheap and sustainable power 

supply to our gadgets. The billions of tons of battery solid waste is produced every year and 

trend is rising each year so the problem need to be addressed effectively. 

 

The piezoelectric generator extract, convert and store energy from surroundings that is a 

smart materials response upon force exerted on the top of the microwire. The advancement 

in nanofabrication methods has significantly increase the energy output of the piezoelectric 

generator. The new nanomaterial’s have also been discovered and many nano device 

manufacturing methods have evolved that resulted in more power generation per unit square. 

These are the prime reason which has cater to produce self-powered devices and it is 

expected that in near future many electronic devices would be available in the market that 

never need to powered from external source.  

 

1.3 Merits of Piezoelectric Generation 

 

1.3.1 The present electronics is powered with external source or need battery to keep it 

working. Incase battery is exhausted then it need to be replace or need to be 
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recharged. The external source or battery source dependency will be eliminated when 

the enough energy is produce with piezoelectric generators. 

1.3.2 There are couple of other expenses for installation of the weather and climate 

monitoring sensors in rural areas where you need to lay wires to valuable extent and 

this pose budget issue for such sensor installation. The piezoelectric power sensor 

would not require to be externally source or battery to be replaced periodically. 

Therefore, installation point of view piezoelectric powered devices would be cheaper 

rather than traditional electronic devices. 

1.3.3 The piezoelectric powered devices do not have any battery related issues and 

therefore do not need any worker to take care of the energy issues of the devices. 

Which resulted in less maintenance cost. 

1.3.4 In nuclear plants where radiation is an issue and not safe to expose worker with 

radiation. It is a great advantage of these devices that they can operate unattended 

and need no worker to visit the device in radiation zones to replace batteries. 

1.3.5 These piezoelectric powered devices are perfect choice on mountainous region where 

defense personnel need to stay and difficult to supply inventory periodically. Such 

piezoelectric devices are perfected suited for satellites where power supply and 

weight is of great concern. 

1.3.6 The use of piezoelectric power electronics is a green energy and impose no danger 

to the world environment while present battery usage has multiple negative impacts 

on the environment. So the issue of negative impact of batteries will be eliminated 

with the use of piezoelectric powered electronics. 

 

1.4 Problem Statement 

 

The last few decades has observed the accelerated change in the electronics. Computer 

processing speed, RAM, disk storage capacities, and wireless velocity are growing at a fast 

pace, as shown in Figure 1.1. It is evidenced that the use of portable or wearable computing, 

such as with the ubiquitous smartphones and tablets. The same pace is not followed in the 

development of batteries. The energy content depends heavily on the energy source, as 

shown in Table 1.1. At the same time, the shrinking electronics has allowed lower power 

consumption devices that enable more hours of operation. Still, devices are frequently 

required to be connected to the socket for battery charging, or batteries need to be replaced 

periodically Table 1.2 summarizes the level of the power requirements of some electronics. 

The matching of the power availability from several sources (energy, from Table 1.1, divided 
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by time) and power consumption (Table 1.2) generally decides the trade-off of a device’s 

capacity and battery size. 

 

 

Figure 1.1 Chronicle history of electronic evolution since 1990 (Gao, Song, Liu, & 

Wang, 2007) 

 

Table 1.1 Capacity of energy sources 

 
 

Table 1.2 Electronic power consumption 

 

 

The modern electronics are smaller in size as compared to past years and day by day 

electronics in miniaturized to a very negligible scale and hence these devices consume very 

low power. The size reduction with greater power and economically cheaper value to the 

consumer made it possible to use electronics in our routine life and people are now more 

connected with electronics as compared to past years. The trend in electronic usage is rising 
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and people are using it for their networking for information sharing. In medical field also 

many novel devices have evolved and require very less energy to work and mainly batteries 

are being used to power those devices.  

 

The traditional batteries need to be either replaced or recharged periodically and have large 

size as compare to the size of electronics. The weight and size of these electronics decreasing 

with the advent of small wearable devices or implantable devices. For implantable and 

portable devices, replacing and recharging is problematic because the device could die at 

any time and replacement or recharging of the battery can become a complicated task. It is 

hoped that in near future these batteries would be charged from surrounding energies and 

hence no need to replace battery or can power electronics directly as calculators of today are 

powered with solar cells and need o electric source. In applications where microampere 

source can serve the purpose then such type of self-powering devices can be opted. In this 

dissertation, the brief description, literature review and methodology is presented to design, 

synthesize & characterize the coupled piezoelectric nanofiber & hybrid nanostructures for 

self-powered micro-electromechanical devices using hydrothermal method. 

 

The best power source option in present electronics is batteries due to easily accessibility 

feature at low cost even its greater volume size aspect ratio. The lithium-ion batteries are 

considered to be the optimal solution because it’s longer life-span and can be used in various 

temperature values. The lithium-ion batteries are charged very quickly, the self-discharging 

rate of lithium-ion based batteries is very low as compare with other type of batteries 

available in the market. The shelf life of lithium-ion based batteries is higher than other 

available batteries. 

 

In order to overcome the biggest limitation of present electronics, the integration of energy 

harvesting system to existing battery system will significantly improve their sustainability 

that at present. 

 

The pattern synthesis of ZnO microwires is essential and using electron beam lithography 

for that purpose is not an economical solution. Therefore Anodic Aluminum Oxide Template 

for the patterned synthesis is the economical solution for the nanofabrication of Piezoelectric 

generator. 

In this dissertation we mainly presented the method of patterned ZnO synthesis using AAO 

template. It is mainly desired to present a simple and cost effective model of the piezoelectric 
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generator. It is evident that the advancement in computing and mobile technology is greatly 

enhance while battery size and per unit capacity is still around same which is the main hurdle 

in mobile size reduction. If small size batteries evolved then lighter devices with great  

feachar would have been available. The main issue in present technology is to power them 

in state of the art source. The energy can be extracted from human body motion like 

movement of body, typing on computer and internal body blood flow. The pacemakers are 

placed inside body through surgery and work only when the heart stop beating so only for 

one time use if battery need to be replaced inside body then it would not be a cheap solution 

and would involve great pain. 

 

1.5 Research Objectives 

 

The dissertation presents a facile, fast and cost effective synthesis of patterned ZnO 

microwires using anodic aluminum oxide template for large scale fabrication of high output 

piezoelectric-generator. 

 

To present an “bottom-up approach” using anodic aluminum template for the synthesis of 

patterned ZnO microwires using low temperature hydrothermal route. Traditionally top-

down lithography approach is used for the synthesis of patterned ZnO microwires. The 

lithography equipment are expensive and wafer fabrication process is too slow; therefore it 

cannot be recommended for industrial application. 

 

To characterize the as-grown ZnO microwires using XRD for crystallinity and its wurtzite 

phase, SEM for examining the aspect ratio and orientation (0001), TEM for measuring the 

diameter and EDX for material composition. 

 

1.6 Scope and Limitations 

 

The research work is limited to single Piezoelectric Generator and it is proposed for future 

research that the multiple Piezoelectric Generators should be integrated in series for voltage 

gain and in parallel for current gain. So sufficient voltage and current can be produced to 

power up a MEMs/ NEMs device. 

 

The coupled ZnO-CdS nanowires can enhance the efficiency of the piezoelectric generator. 

So for gaining some more potential the coupled synthesis method should be applied. 
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The photoresistor and piezoelectric energy generation can extract sufficient diverse energy 

rather than having only mechanical source. 

 

The single crystalline hexagonal synthesis of ZnO can source energy in the form of 

piezoelectricity or pyrolectricity while polycrystalline cannot produce any energy. Therefore 

other natural and synthesized materials for piezoelectric application can be used to enhance 

the efficiency of the device. 

 

The composite nanomaterials can be used to enhance the efficiency of the self-power device. 

This research did not cover any composite nanomaterial synthesis due to Thailand’s trade 

embargo of some chemicals.  

 

The hybrid nanostructure can be used to gain more energy per unit square meter. The latest 

nanamaching technology can accomplish such innovative design that was not address in our 

research due to unavailability of most modern research equipment in the field of 

nanotechnology. 
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CHAPTER 2 
 

LITERATURE REVIEW 

 

2.1 Introduction 
 

This chapter presents the various novel fabrication methodologies of energy harvesters and 

design significance is also briefly reviewed. The necessary background information is 

presented to highlight the accomplishments in the field of self-powered electronics. The 

analysis presented in this chapter to grasp the significance of various versions of energy 

harvesters. The information presented in this chapter will help out to understand the 

significance of our model that is presented in the following chapter and how high output 

piezoelectric generator can be fabricated. The phases of piezoelectric generator is shown in 

Figure 2.1 with material used and the power produced. 

 

 

Figure 2.1 The chronicle summary report of piezoelectric generators with electrical 

measurements since its first invention in 2006 with reported output of 9 mV. The 

schematic of various versions developed so far and the latest one can generate up to 

57 V based on ZnO arrays (Z. L. Wang, Zhu, Yang, Wang, & Pan, 2012) 
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2.1.1 Self-powered pressure nano-sensors 

 

The printer pages based cost effective, eco-friendly, flexible and light weight triboelectric 

piezoelectric generator was fabricated for pressure sensing applications. The LEDs turn on 

upon human motions, such as twisting, lifting and stretching etc. (P.-K. Yang et al., 2015). 

 

 

Figure 2.2 Mechanical piezoelectric generator. (a) Origami and Real slinky 

stretching, lifting and twisting. (b) Separate rectified current output Isc and (c) Open 

circuit voltage obtained with various humans motions. (d) the recorded current 

values and (e) Voltage values of the device. (f) the power density and resistance of the 

external loads relationship. The 0.9mWm-2 of power density were recorded when the 

external load was about 200MΩ source (Yang, 2015) 
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2.1.2 Sustainable power source for active nano-sensors 

 

The ZnO nanowires based sandwich structured design was demonstrated that can generate 

upto 37 V. This was specifically designed for novel self powered electronics and active nano-

sensors. The authors also demonstrated the energy extraction from natural sources such as 

wind, vibration, body and vehicles movement (Hu & Wang, 2014).  

 

 

Figure 2.3 The automobile monitoring active nano-sensors. (a) The schematic depicts 

the tire bend during automobile movement. The open circuit voltage of piezoelectric 

generator increased as (b) strain rise that shows decrease in tire pressure or (c) 

automobile speed increased (Hu & Wang, 2014) 
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2.1.3 Micro-grating sliding electrification 

 

The implantable/wearable electronics, nano-sensor networks, wireless devices etc. needs a 

breakthrough in effective energy harvesting for realization of self-powered electronics that 

can address the limitation of present batteries. An efficient hi-power mechanical energy 

convertor is developed based on polytetrafluoroethylene (PTFE) thin-film micro-grating 

triboelectric piezoelectric generator that produces about 3 W of energy and having energy 

ratio of 50 mW/cm2 and 15 W/cm3. The metal strips are separated with equal distance to 

create a grating and the electrical connection by a bus at every end of the strip is provided. 

The base electrode is formed in the middle when two metal gratings comes in contact. It’s a 

key factor that improve efficiency of energy conversion and mechanical robustness of the 

device (G. Zhu et al., 2014). 

 

 

Figure 2.4 Schematic of the power harvesting using µgrating rubbing electrification. 

(a) A PTFE thin film and metal gratings pairs having corresponding arrangements. 

(b) A elastic thin film with corresponding metal grading arrangements on both sides. 

(c) The SEM micrograph of the nanorods used to slide for energy harvesting 

(G. Zhu et al., 2014) 
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2.1.4 Single-electrode-based piezoelectric generator 

 

The surface etched nanowires on a perfluoroalkoxy (PFA) ball in a floating latex balloon 

with aluminum electrode are used to present a completely enclosed cylindrical single-

electrode-based piezoelectric generator. The experimental measurements and numerical 

simulations were systematically studied to figure out the relationship between the working 

length and the electrical output for the application of environment monitoring, air-flow 

detection and self-powered weather nano-sensors. The 0.445 mW of power generated at load 

resistance of 300 MΩ. The increase in voltage was observed as the load resistance increase 

while decrease is current was observed as the load resistance increase (Su et al., 2014). 

 

 

Figure 2.5 (a) Schematic of the enclosed cylindrical piezoelectric generator. Inset: The 

30° tilt SEM showing etched nanowires on PFA surface. (b) Closed circuit voltage 

output. (c) Closed circuit current output. (d) voltage and current behavior upon 
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increasing and decreasing the ouput resistance. (e) Power density with load resistance 

curve (Su et al., 2014) 

 

2.1.5 Broadband vibrational energy harvesting 

 

The application of piezoelectric generators in wide distribution of frequency spectrum with 

numerous movements over time is disregarded. The 3D hybrid innovative structure is 

introduced to extract energy from numerous directions simultaneously. The multilayer 

structure scavenge up to 1.35 W/m2 under out-of-plane excitation and can generate up to 

1.45 W/m2 under in-plane excitation. These piezoelectric generator can be deployed in 

numerous devices particularly where low frequencies with random directions are exist to 

charge portable electronics (J. Yang et al., 2014). 

 

 

Figure 2.6 A 3D energy harvester model: a) graphical illustration of the 3D energy 

harvester designed with Iron, Acrylic, Copper, PTFE and Aluminum;  b) Scanning 

electron microscope of Aluminum electrode nanopores SEM image; and c) a physical 

picture of developed energy harvester (J. Yang et al., 2014) 
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Figure 2.7 (a) The electrical values recorded of the fabricated device. a) At frequency 

36 Hz under out-of-plane excitation, open-circuit voltage and b) the density of current 

under short-circuit. c) With same frequency of 36 Hz under in-plane exitation open-

circuit voltage and d) the density of current under short-circuit (J. Yang et al., 2014) 

 

2.1.6 Piezoelectric generator based temperature nano-sensors 

 

The 0.1 mm thin layer of polyethylene terephthalate as photoresist was applied on metallic 

surface. The standard wet chemical deposition procedure was used to synthesize the ZnO 

nanowires on bimetallic strips. The device behavior was examined under the temperature 

range of 10-110 °C. The change in temperature causes the bimetallic strips bending which 

resulted the flow of piezoelectric charge flow (Xue et al., 2014). 

 

 



18 
 

Figure 2.8 Graphical illustration of the piezoelectric generator based temperature 

nano-sensor showing the bimetallic strip has ZnO nanowires grown on metallic 

surface with PET photoresist (Xue et al., 2014) 

 

2.1.7 Piezoelectric generator for wearable medication 

 

The non-metallic, economical, flexible and fiber-based piezoelectric generator that use the 

electrostatic induction effect to generate the piezoelectricity upon biomechanical 

movements. The custom-made healthcare nano-sensors for human body biomechanical and 

physiological signals monitoring using smart garments. Traditionally theses nano-sensors 

are powered by batteries and need to be charged or replaced after certain period. So, smart 

garments generate the sufficient energy to keep these batteries charged. The common cotton 

threads was used as substrate to woven the cloth. The fiber based piezoelectric generator can 

produced ∼0.1 μW/cm2 utilizing electrostatic induction effect to energize wireless body 

temperature nano-sensor network. Moreover, this same is equally good for qualitatively 

human movement detection system without any battery (Zhong et al., 2014). 

 

Figure 2.9 The power shirt for scavenging energy to power wireless body temperature 

nano-sensor network. (a) Graphical illustation of the system and (b) Physical picture 

of the fiber-based pizoelectric generator to power-up a wireless body temperature 

nano-sensor network. (c) The graphical signals recorded when the sensor was placed 

on a table or (e) The graphical signals recorded when the sensor was wear on human 

wrist. (d) The temperature was 22 °C when it was on table and (f) The temperature 

was 37 °C when it was wear on human wrist (Zhong et al., 2014) 
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2.1.8 Energy harvesting from reciprocating sliding motion 

 

The reciprocating mechanical motion is widely available in surroundings and electric energy 

extracted from such reciprocating motion based on sliding electrification. The lubrication of 

numerous grating electrodes with polytrafluorothylene nanoparticles, the energy harvested 

was 12.2 mW with external load of 140 kΩ at 1 m/s sliding velocity. This novel style energy 

harvester can be used in portable and as well as stand-alone self-powered devices and it’s 

not only provide high output but also has several distinctive features (Jing et al., 2014). 

 

Figure 2.10 Schematic illustration of the energy harvester. (a) 3D structural model 

and (b) x-sectional view. (c) both sides of the device deposited with kapton film having 

copper grating electrode. (d) before and (e) after assembly, with reference coin of 1 

USD. (f) SEM micrographs at 200nm and 2 µm depicting uniform spreading of PTFE 

particles on Kapton surface (Jing et al., 2014) 
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Figure 2.11 The volatge and current output of the device. (a) The various sliding 

velocities has different short circuit current output. (b) The linear relationship found 

between current output and the sliding velocity. (c) the various sliding velocity has 

different open circuit voltage output. (d) There is no much difference observed 

between sliding velocity and change in voltage peak values (Jing et al., 2014) 

 

2.1.9 Proactive pH nanosensors using piezotronic effect 

 

The high sensitive pH sensor based on piezoelectric effect, electrostatic interaction in aquous 

solutions resulted due to the stain in nanowires placed on the substrate against the voltage 

supply. The sensitivity of the sensor is very low due to inconsistent target molecules 

concentration in surrounding of micro/nanowires. The energy band diagram is used to 

theoretically analyze the sensor performance and good signal to noise ratio with fast response 

and reset time is proposed (C. Pan, Yu, Niu, Zhu, & Wang, 2013). 
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Figure 2.12 Graphical illustration of the conventional and proposed design of the 

proactive pH nanosensor. (a) Traditional FET configuration on the PET substrate 

with PDMS photoresist covering the sourse and drain of the device; (b) Proposed 

proactive sensor configuration for smart dedection of pH. (c) Conventional ZnO 

nanowire based sensor detect the pH of the gas or liquid according to 

adsorption/desoption ratio at a “floating gate”; (d) The proposed model of the 

proactive nano-sensor based on ZnO nanowires with smart signal conditioning using 

piezotronics effect (C. Pan et al., 2013) 
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Figure 2.13 The piezotronics effect enhance the sensitivity and signal level of the 

nano-sensor. (a) When -0.92% of compressive strain was established, 1500 times 

increase in output signal is recorded. The readings were taking while the strain was 

OFF (BLUE) and when the stain is ON (RED) in Ph=5 buffer solution. (b) The strain 

was OFF and ON to study the behavior of the nano-sensor; (c) The monotonically 

rising trend observed with the relative signal current rise with buffer solution pH 4 

and 12; (d) the density of signal current depicting the max response with strain 

applied in buffer solution of pH 4 and 12 (C. Pan et al., 2013) 

 

2.1.10 Vertical nanowire-based piezoelectric generators 

 

The most robust design for energy harvester fabrication is the integrated piezoelectric 

generator based on vertical nanowire arrays using one-dimensional nanostructures. The 

efficiency of piezoelectric energy depends upon good capacitance, induced mechanical 

energy output electrical energy. The FEM “Finite element method” model was developed to 

correctly understand the characteristics of the ZnO nanowires under compression and to 

study its efficiency to produce capacitance, piezoelectric potential generated, and output 

electrical energy and induced mechanical energy. The three basic significant characteristics 

were also discussed. The development of force sensitivity in increasing trend, the strategies 

for concentrating the mechanical strain field in the NWs and the electrical and mechanical 

structures of the piezoelectric generator as an optimized integrated system. The performance 

of piezoelectric generator was also investigated in term of nano-wires aspect ratio 

(length/diameter ratio). The usage of composite materials can enhance the performance with 

thin and long nano wires synthesis (Hinchet et al., 2014). 

 

 

Figure 2.14 The SEM Micrograph, angle cut view of synthesized ZnO nanowires, b) 

The graphical model of the structure with charged capacitance proportional to the 
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applied force, c) The power in term of current and voltage under positive and 

negative AC compression (Hinchet et al., 2014) 

 

2.1.11 Self-powered active weighing sensor using spring 

 

The self-powered weighing active sensor based on spring with ZnO nanowires synthesized 

on its surface for the application of weight measurement. The linear relationship of current 

and voltage was observed against equivalent applied weight. The various significant factors 

were also studies like force loading rate and necessary comparison was made for the force 

loading rate. It was successfully demonstrated that the spring loaded active sensor can be 

self-powered and sufficient energy can be produced equivalent to the force applied to power 

the device (Lin et al., 2013). 

 

 

Figure 2.15 The voltage and current values of the active weighing sensor. (a) The 

voltage-time graph recorded with the designed active weighing sensor as spring 

displacement. (b) The short-circuit current output of the active weighing sensor as 

spring displacement. (c) The graphical interpretation of the device. (d) The straight 

line graph voltage and current measurements of the device as per weight on the 

sensor. (e) The measured voltage with acceleration of the linear motor by which the 
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external force was loaded. (f) The open-circuit voltage is recorded about 0.2 – 0.3V 

irrespective of the weight loaded on the sensor. (g) The short-circuit current in 

showing directly increasing trend with increase in weight. (h) The short-circuit 

graphical representation of current with acceleration of linear motor (Lin et al., 2013) 

 

2.2 Progress in piezoelectric generator 
 

In this chapter the history of piezoelectric-generators are discussed and the physics involved 

in its power generation by some piezoelectric materials. The one dimensional ZnO 

semiconductor is discussed and its crystalline structure with ions spreading which makes it 

the best candidate for energy harvesting applications at micro unit. The horizontally and 

vertically grown microwires possess different properties and the material physics around it 

also briefly discussed. The 1D ZnO microwires produces energy upon bending and its 

spreading in the microwire from top to bottom is also reported in this chapter. The research 

findings on a 1D ZnO microwire that reported the energy generation against bending the 

ZnO semiconductor is also briefed in this chapter. The earlier diodes were the first 

application of ZnO in nanotechnology but later it’s given due importance because it’s 

biologically save for human as compare to other its counterparts. The mechanical and 

electronic characteristics of ZnO semiconductor is explored in this chapter. 

 

2.2.1 Piezoelectricity 
             

The material characteristic of certain materials to generate energy against its bending was 

first revealed in 1980, by French scientists Jacques Curie and Pierre(Snyder, 1985). When 

mechanical stress is applied and bending is achieved in certain semiconductor materials then 

electricity is generated and now known as Piezoelectricity. These are mostly naturally 

occurring semiconductors like dentin, enamel, DNA, silk etc. (Z. W. Pan, Dai, & Wang, 

2001). The one dimensional crystalline structures include ZnO, quartz while bismuth 

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

the examples of chemically treated synthesized ceramics and poly (vinylideneflouride) is the 

polymer that generate the piezoelectricity (P. X. Gao, Song, Liu, & Wang, 2007). Basically 

the piezoelectricity is an excess unbalanced charges at the node of the material and it’s 

started flowing due to bending in its physics("Piezoelectric energy converter for electronic 

implants," 1969). The distribution of charges of the piezoelectric material is dependent upon 

its crystalline structure and dielectric capability of that material (Damjanovic, 1998). 
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The magnitude of electrical potential of any piezoelectric material is scaled with ‘d’ and 

called the “coefficient of piezoelectricity” or “modulus of piezoelectricity” (D). The 

coefficient or modulus of piezoelectricity is defined by the volume change against 

application of electric potential or the magnitude of energy generated against application of 

mechanical stress.  

 

For σ=stress and P=polarization, the arithmetic model of the modulus or coefficient of 

piezoelectricity is “D = P/σ”. Furthermore, every material has different crystalline structure 

with unique coefficient of piezoelectricity (He, Hsin, Liu, Chen, & Wang, 2007). 

 

2.2.2 Piezoelectricity in ZnO 

 

The non-central symmetrical structure of the metal oxide semiconductor causes the 

piezoelectricity phenomenon (D. Chen, Jiao, & Cheng, 1999; He et al., 2007). The facile 

low temperature (below 100 ºC) hydrothermal route can synthesized the highly oriented ZnO 

microwires that can generate energy against application of mechanical stress (Xu, Qin, 

Mishra, Gu, & Zhu, 2010). 

 

In 1D ZnO semiconductor, the distribution of ions along the central axis is tetrahedrally 

oriented and oxygen –ve ions (O2-) and Zinc +ve ions (Zn2+) which causes the phenomenon 

of piezoelectricity. The parameters of wurtzite ZnO lattice are 0.33x0.52nm with fractional 

polarity at corner ends (Schiffer, 1991). 

 

 
 

Figure 2.16 (a) The ZnO hexagonal structure (G Mantini, Gao, Wang, D’Amico, & 

Falconi, 2009) and (b) Zn2+ and O2- ions tetrahedral arrangement 

(a) (b) 

(0 



26 
 

 

The natural highly single crystalline and periodical solid structure of ZnO causes the 

production of energy at atomic level that progressively spread throughout the microwire. 

The strain energy produce at the surface nodes due to the irregular spreading of –ve and +ve 

ions in the microwire. The crystalline structure of the ZnO is so strong and can get it shape 

back after the removal of strain force and completely capable of enduring large deformations 

(X. Wang, 2012). The some of the characteristics of the ZnO is briefed in Table 2.1. 

 

Table 2.1 Characteristics of ZnO 

Coefficient of piezoelectricity 12pC/N 

Constants lattice(300K) a =0.33 A°,  c=0.52 A° 

Crystal Wurtzite 

Molecular Weight 81.38 

Constant of Dielectric ε0 = 8.75, ε∞ = 3.75 

Fusion Heat 4,470 cal/mole 

Conductivity thermal 25W/mK at 20 ºC 

Refractive Index  2.008 

Bandgap  3.37 eV 

Coefficient of Thermal Expansion  7.7 x10-6/ ºK at 600°C 

Lattice Energy 964kcal/mole 

Electronic Effective Mass me *=0.24eV 

Hole Effective Mass mh *=0.59 

Density 5.606 g/cm3 

Electron Mobility µe = 200 cm2/ (V.s) 

Melting Point 2248 K 

Carrier Concentration (Intrinsic) < 106 cm-3 

Hole Mobility (300K) µh = 5-50 cm2/ (V.s) 

Exciton Binding Energy 60meV 

 

2.2.3 Nanostructure growths of ZnO 

 

The boundary surface of the crystalline ZnO has charge like Zn2+ or O2- and the (0001) base 

plane has Zn cations and another end has oxygen anions which resulted in c-axis polarization 

and dipole moment (P. X. Gao & Wang, 2005). 
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Figure 2.17 Graphical representation of different morphologies of ZnO 

nanostructures (D. F. Berdy et al., 2009) 

 

2.2.4 ZnO nanostructures synthesis approach 

 

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 500oC to 1500oC). This process includes synthesis 

methods like chemical vapor deposition or CVD (Bodhale, Nisar, & Afzulpurkar, 2010), 

metal organic chemical vapor deposition or MOCVD (Spanhel, 2006), physical vapor 

deposition or PVD (Y. Zhao et al., 2014), thermal oxidation of metallic zinc and 

condensation (Z.-Q. Wang, Zhao, & Huang, 2010), vapor liquid solid (VLS) and vapor solid 

(VS) growth collectively known as vapor phase transport method (Campos et al., 2007; Dai, 

Dunn, & Park, 2010; Giulia Mantini, Gao, D’Amico, Falconi, & Wang, 2009; Xiang, Yang, 

Hou, & Zhu, 2006) and microwave assisted thermal decomposition (Ashraf et al., 2010).  

 

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 (Parak et al., 2003), 

colloidal sol-gel method that uses zinc acetate hydrate for synthesis in water (Ayouchi, 

Martin, Leinen, & Ramos-Barrado, 2003), template based methods (Shingubara, 2003), For 
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thin film structures of ZnO, spray pyrolysis method (Lagashetty, Havanoor, Basavaraja, 

Balaji, & Venkataraman, 2007; Y. Zhao et al., 2014) and certain alcohol based syntheses 

that use zinc acetate hydrate in and tetra methyl ammonium hydroxide or sodium hydroxide 

as the reacting agent (Jiaqiang, Yuping, Daoyong, & Jianian, 2006; X. Wang, Song, Liu, & 

Wang, 2007) are some significant liquid phase synthesis methods being reported. 

 

Hydrothermal synthesis of ZnO nanostructures 

 

The hydrothermal routes has gain vast attention during the last decade even it’s a slow 

process while solvent alcohol process is comparatively fast method. The NaOH and ZnCl2 

solution was reported for the ZnO nanostructures synthesis using hydrothermal route. The 

variation is temperature range can synthesize various different morphologies while the 

addition of different organic compounds can synthesize different morphologies. The 

ammonia (NH3) and zinc nitrate (Zn(NO3)2) solution was also reported and controlling the 

pH synthesize the different morphologies (Katzir, 2006). 

 

 
 

Figure 2.18 The change in temperature and pH to synthesize various morphologies of 

ZnO. The effects of variation in pH on nanostructure size and production yield is 

shown in left (a) and (b) gain in size and reduction in yield was observed with the 

increase in pH. The effect of variation in solution temperature on nanostructure size 

and production yield is shown right (a) and (b) initially gain was observed in 

nanostructure size and yield while after certain temperature and start decreasing at 

above 140 ºC (Paradiso & Starner, 2005) 
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Figure 2.19 The ZnO nanostructure micrograph obtained by using Transmission 

Electron Microscopy (Damjanovic, 1998) 

 

1D ZnO Nanostructures 

 

The controlled synthesis of 1D microwires of ZnO has been widely reported using 

hydrothermal synthesis route on glass and silicon substrates coated with seed layer of ZnO 

in a solution of hexamethylenetetramine (HMT) and zinc nitrate (Desai & Haque, 2007; Z. 

Li & Gao, 2007; Miao et al., 2007). The chemical representation is as follows. 

 

(CH2)6N4 + water ↔ 6HCHO + amonia 

 

NH3 + water ↔ amonium+ + OH- 

 

2OH- + Zn2+ → ZnO(s) + water 

 
 

 
 

Figure 2.20 SEM micrograph of ZnO microwires synthesized by hydrothermal route 

(Jiaqiang et al., 2006) 
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The obelisk shape 1D ZnO microwires on quartz and glass substrates was reported using a 

hydrothermal method in ammonium chloride and zinc nitride solution at 95 ºC. The diameter 

of obtained microwires was about 300-400nm and height of about 5μm (Roco, 2007). The 

chemical representation of the process is as follows. 

 

NH3 + H2O  ⟺ NH3.H2O ⟺ NH4 + HO- 

 

Zn2+ + NH3 → Zn(NH3)4
2+ 

 

Zn(NH3)4
2+ + OH- → ZnO 

 

Or, Zn2+ + OH- → Zn(OH)4
2- 

 

Zn(OH)4
2- → ZnO 

 

 
Figure 2.21 The SEM micrographs of the obelisk shaped microwires synthesized on 

glass substrate (Heo et al., 2004) 

 

The zinc foil was used as substrate and without any coating of metal oxide or oxidant or zinc 

salt or template. The ZnO microwires were successfully synthesized in 25% ammonia 

concentrated water at 80 ºC. The synthesis duration is shown in table 2.2 according to 

ammonia concentration in water. 

 

Table 2.2 The duration of ZnO microwires synthesis on zinc foile samples according 

to ammonia concentrations 

Sample Ammonia (grams) Duration (hours) 

1 1.5 12 

2 1.5 24 

3 3.5 12 

4 3.5 24 
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The 12-24 hours duration, there was no change in diameter of the microwires were observed 

for low concentration of ammonia in water (1.5grms) while height of the microwires were 

increase. The narrow pointed microwires were observed with higher concentration of 

ammonia (2.5grms.) and until 12 hours no synthesis started and only base of the microwires 

expend and till 24 hours pointed microwires were synthesized as shown in the Figure 2.22. 

 

The hydrothermal method was reported using zinc powder with CTAB for the synthesis of 

ZnO microwires without using and zinc salt at 182 ºC. The diameter of grown microwires 

was about 40-80 nm while height was about 1 μm. 

 

 
 

Figure 2.22 The SEM micrographs of ZnO nanostructures on Zinc foil with various 

different ammonia concentrations and growth period as in table 2.2 above (Spanhel, 

2006) 
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2.2.5 Piezoelectric phenomenon of ZnO 

 

The ZnO has high electro-mechanical bonding with largest piezoelectric coefficient among 

crystalline tetrahedral nanostructures (Dai et al., 2010; M.-H. Zhao, Wang, & Mao, 2004). 

The diameter of ZnO microwires not alone defines the effective piezoelectric constant but 

primarily aspect ratio of the microwire. The larger the aspect ratio of the microwire the larger 

its effective piezoelectric constant (Gautschi, 2002). 

 

The single dimensional ZnO microwire has piezoelectric coefficient that can be calculated 

as ‘N’, is the quantity of atoms and ‘Vscell’ is the super cell volume, the average atomic 

piezoelectric coefficient can be expressed as follows. 

 
ea

33 = e33 x Vscell/N 

 

 
 

Figure 2.23 The tetrahedral crystal of the ZnO. (a) The variation in coefficient of 

piezoelectric with frequency for ZnO nanobelt as compare to ZnO bulk (Fu et al., 

2014). (b) The comparison of variation in coefficient of piezoelectricity, 14.3-26.7 

pm/V-1 was measured for nanobelts and 9.93 pm/V-1 was measured for ZnO balk 

using AFM (Choi et al., 2009) 

 

The measured coefficient of piezoelectricity of thin film of ZnO is 7-8.5 pC/N (Damjanovic, 

1998). The 33-45nm of diameter is the optimal range, the elasticity constant of young’s 
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modulus increases with the decrease in microwire diameter due to change in its aspect ratio 

(Holler, Skoog, & Crouch, 2007). The thinner than 33nm and thicker than 45nm, it comes 

equivalent to that of the bulk values (No et al., 2013). 

 

Table 2.3 D0 = Unrelaxed diameter, D = Drelaxed diameters, C = lattice constants, 

E = strain energy, Eg = band gap, E3 = young’s modulus; ea
33 = effective piezoelectric 

constant of different sized microwires as compared to bulk microwires (Hutson & 

White, 1962) 

 

 

The ZnO bulk has less coefficient of piezoelectricity because it has less surface to volume 

ratio while microwires has greater coefficient of piezoelectricity as compare of ZnO bulk. 

The c-axis movement shows same coefficient of piezoelectricity expressed as follows.  

ea
33 = eb

33 – eb
31 x υ. 

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

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

a = relaxed lateral lattice constant, if ZnO lattice constant is replced with c. 

eb
31 < 0 since υ > 0 (Sitti, 2001), 

therefore, ea
33 > eb

33 

 

The optimized comparison of ZnO microwire effective piezoelectric constant and ZnO bulk 

effective piezoelectric constant ea
33 is shown in Figure 2.24. It can be seen in the Figure that 

if the lattice constant is optimized then the piezoelectric constant is not dependent upon the 

diameter of microwire. 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. 



34 
 

 

 
 

Figure 2.24 The effective piezoelectric constant varies according to increase in 

diameter of microwire and (b) polarization of microwire with lattice constant changes 

(Dai & Park, 2013) 

 

The applied bending force on the ZnO microwire is the significant factor to piezo-potential 

generation and depicted in Figure 2.25 with the help of using finite element method. 

 
 

Figure 2.25 The force 40-140 nN was applied and its calculated energy generation is 

shown in volts (Song, Zhou, & Wang, 2006) 

 

It is studied that the generation of piezoelectric potential against 80nN of force application, 

and it is revealed that increase in diameter decreases the piezo-potential and only until certain 

length affects the piezoelectric potential generation.  
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Figure 2.26 Piezo-potential for various heights of microwire (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 (1017 

cm-3), temperature (300K) and applied bending force (80nN) (Falconi, Mantini, 

D’Amico, & Wang, 2009) 

 

The laterally bending of ZnO generates positive charge at elongated end while negative 

charge at compressive end. The reduction in band gap causes gathering of conduction band 

electrons at positive end which resulted in the cancellation of opposite charges. The n-type 

ZnO microwires has low donor concentration that largely reduce the screening effect on the 

–ve end (W. Li, Sun, & Chen, 2014). If the deflection force of 80nN is applied on n-type 

ZnO microwire of 25nm radius and 600nm height then the potential of 0.05V is obtained at 

positive end while 0.3V is obtained at negative end (Han et al., 2014). 

 

 
 

Figure 2.27 (a–c) n-type ZnO microwire of 10nm radius tensile test. The microwire 

hi-resolution SEM microghaph is inset. (a) the microwire fractured when the applied 

fore is larger than 3.05µN (D. Berdy, Jung, Rhoads, & Peroulis, 2011) 
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The reliable device can be fabricated by enhancing its microwires tensility and elasticity. It 

is observed that the microwires have diameter range between 20-80nm are more stable than 

larger diameter microwires.  

 

 
 

Figure 2.28 (a) Graph shows the axial displacement from 0-1.2µm with the applied 

force variation of 1-80nN, (b–e) the modulus of elasticity of the microwires is shown 

in high-resolution SEM micrographs of ZnO microwire under continuously 

increasing compressive force. The microwire having radius of 10nm can endure 

tensile force of 62nN (Guang Zhu, Yang, Wang, & Wang, 2010) 

 

2.2.6 Piezoelectricity in ZnO microwires 

 

The piezoelectricity in ZnO is studied extensively, it is reported that the radius of 1.4nm 

ZnO microwire has superior effectual constant of piezoelectricity which not only dependent 

on the radius of the microwire but on aspect ratio of the microwire (Sanchez & Sobolev, 

2010). The mechanical deflection in the ZnO microwire causes the strain field and the inner 

surface compressed while the outer surface stretched causing piezoelectricity along the z 

direction. This study was later endorsed by Zhao et.al. and confirmed by Fan et.al. The 

electric field is calculated by, Ez = Ɛz/d where d is the piezoelectric coefficient.  
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Figure 2.29 The finite element study of single 1D ZnO microwire of piezoelectricity 

generation process with radius of 25nm and height of 1μm: (A) the x, y and z 

coordinates are described of a vertical microwire (B) the developed strain εz (red is 

showing the maximum while blue is the minimum) against metal coated AFM tip 

bending in y direction (C) The surface having maximum mechanical stain causing 

maximum electrical field Ez generation in that region (D) the positive and negative 

charge distribution of the piezoelectric potential in a mechanical deformed microwire 

(Chang, Dommer, Chang, & Lin, 2012) 

 

The piezoelectric potential was studied using platinum coated AFM tip to deflect the 

microwire connected with an external load (RL). The alumina substrate was used for the 

synthesis of microwires and AFM tip was made up of silicon. In the beginning there was 

zero piezoelectric potential on the AFM tip and negative potential was recorded along the 

stretched end. The reverse bias Schottky barrier contact was observed between the n-type 

ZnO semiconductor and AFM tip. 
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Figure 2.30 (a) The SEM micrograph of patterned ZnO microwires synthesized on an 

α-Al2O3 (b) The metal coated AFM tip is used to deflect the microwire to create 

piezoelectric potential. The 500 MΩ of external load (RL) is attached with grounded 

microwire (Dai & Park, 2013) 

 

2.2.7 Electronic properties of ZnO microwires 

 

The p-n junction of ZnO semiconductor cannot be realized due to the fact that the synthesis 

of n-type is achievable while p-type synthesis is practically very difficult task. The ZnO 

diode is reported by using a doped ZnO with p type material and potential barrier induced 

the piezoelectricity across the deformed microwire controls the electrical transport. 

 
 

Figure 2.31 (a) Schematic illustration of the ZnO nanowire for I-V measurement with 

nano manipulations (Dakua & Afzulpurkar, 2013) 
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Figure 2.32 (a) Schematic illustration of the ZnO nanocontact as I-V characteristic 

and arrangement (Kim, Lee, Seo, Kumar, & Kim, 2011) 

 

2.2.8 ZnO based piezoelectric energy harvesting devices 

 

The 1D ZnO semiconductors based microwire can harvest energy at nano scale against 

tensile mechanical strain but that unit of energy is not capable of powering any real 

electronics. In order to gain more energy to power up a device, the synthesis of large number 

of microwires is vital. It is studied and found that the tips of vertically standing microwires 

should touch the top electrode for acquiring maximum energy but the synthesized 

microwires are not necessarily have the same height. In order to resolve this issue a novel 

design was proposed in which zigzag top electrode was introduced. 

 

 
 

Figure 2.33 (A) The schematic illustration of the platinum coated zigzag silicon 

electrode (B) X-sectional SEM micrograph of the piezoelectric generator (Dai et al., 

2010) 
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The radial ZnO microwires of 3.5µm length and radius of about 25-100nm. The two 

microwires were entangled and about 1-3mV and 5pA of power generated (Benetti et al., 

2006). It is observed that the increase in entangled microwires can generate greater short 

circuit current. 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.34 The schematic illustration of the radially synthesized microwires for 

energy harvesting application (S. Xu et al., 2010) 

 

 
 

Figure 2.35 The schematics illustrating the entangled radial synthesized ZnO 

microwires harvesting and collecting short circuit current (F. Xu et al., 2010) 

 

A piezoelectric generator was fabricated that can generate power of 1.26 V which is 

equivalent to one ‘AA’ battery using 700 rows of microwires (Han et al., 2014). 
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Figure 2.36 The schematic illustrate the synthesis of ZnO microwires on Au coated 

smooth surface and PMMA layer is there to reinforce the integration of microwire 

and helps them to stay strong against any abrupt force. The top-electrode is platinum 

coated for fast energy extraction. The SEM micrograph of the microwires array in 

PMMA with exposed tips for structure robustness. The graph shows the voltage gain 

of about 80Mv when the tensile force is applied on the top-electrode (Kwon et al., 

2008) 

 

The lateral integration of ZnO microwires is shown in following Figure 2.37 for improved 

current and voltage gain.  
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Figure 2.37 The schematic of lateral integration of the ZnO microwires for improved 

current and voltage gain (Giulia Mantini et al., 2009) 

 

2.2.9 Piezoelectric power generation on flexible substrate 

 

The conductive plastic substrate is the flexible substrate that was reported first piezoelectric 

generator having ZnO microwires that can harvest energy of about 5pW. The benefit of 

flexible piezoelectric generator is that it can be fold and can be implemented on more vast 

places. Furthermore, energy can be harvested with the deformation in substrate rather than 

direct deformation in microwires.  

 

 
 

Figure 2.38 (a) The SEM (Top view) micrograph showing the microtips of the ZnO 

microwires on conductive plastic substrate. The detailed micrograph of vertical 
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aligned microwires of radius of about 1µm, (b) The AFM scan following the bend in 

the substrate, (c) SEM micrograph with insulation layer of PMMA and (d)The AFM 

scan voltage output (X. Chen, Xu, Yao, & Shi, 2010) 

 

The first flexible and transparent piezoelectric generator was reported on ITO with 

I=~1µA/cm2 upon 0.9 Kgf of mechanical pressure and hence can work as a pneumatic sensor 

(Campos et al., 2007). 

 

 
 

Figure 2.39 (a) The ZnO microwires based flexible and transparent self-powered 

pneumatic sensor. Inset showing the SEM top view ZnO microwires, (b) substrate 

bending test and (c) opaque test (Y. Gao & Wang, 2009) 

 

The single ZnO microwire based piezoelectric generator was reported on Kapton polyimide 

film (200µm thick) for x-axis lateral banding and not in y-axis. The electrical output was 

measured as 50mV with single thin ZnO microwire of 2µm radius. 
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Figure 2.40  (a) The ZnO microwire placed on Kapton film with terminals connected 

with the voltmeter, (b) The ZnO deformed with the deformation in the Kapton film 

and piezo-potential is established and (c) The series connection of two ZnO 

microwires for piezo-potential gain (Lee, Leu, Chung, & Hon, 2006)  
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CHAPTER 3 
 

METHODOLOGY 

 

This chapter presents an experimental work which is divided into multiple sub sections. The 

objective of research is achieved using following steps. 

 

3.1 Comparison of traditional top-down nanofabrication and novel bottom-up 

nanofabrication of piezoelectric generator 

 

3.1.1 Step by Step procedure of traditional top-down nanofabrication of piezoelectric 

generator 

Step 1: The flexible (plastic sheet) or inflexible substrate (silicon, aluminium, copper) can 

be used with 1x1 cm dimension. 
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Step 2: A thin layer of chromium or tin was deposited using plasma sputtering coater that 

provide adhesion between gold layer and the substrate.  

 

Step 3: A catalyst thin layer of gold or platinum is deposited using plasma sputtering coater 

for the synthesis of ZnO microwires (if catalyst layer is deposited then there is no need of 

ZnO seed layer).  
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Step 4: An electron sensitive thin layer of PMMA was spun coated of about 3 µm and 

patterned template was produced using e-beam lithography. 

 

Step 5: The patterned ZnO microwires was synthesized in the PMMA template and a thin 

layer of gold was deposited on the as-grown ZnO microwires for smooth electron flow. 
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Step 6: A thin layer of gold/platinum was sputtered on the top-positive electrode. 

 

Step 7: A thin layer of chromium or tin is deposited on top +ve electrode using plasma 

sputtering coater that provide adhesion between gold layer and the substrate. 
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Step 8: The top positive electrode is placed on the bottom negative electrode. 

 

3.1.2 Step by step novel bottom-up nanofabrication of piezoelectric generator 

Step1: Any flexible or inflexible substrate with 1x1 cm dimension. 
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Step 2: A thin layer of chromium or tin is deposited using plasma sputtering coater that 

provide adhesion between gold layer and the substrate. 

 

Step 3: A thin layer of gold or platinum is deposited using plasma sputtering coater that act 

as a catalyst layer for the synthesis of ZnO microwires (if gold layer is deposited then there 

is no need of ZnO seed layer). 
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Step 4: An AAO template is fabricated for the patterned synthesis of ZnO microwires. The 

hydrothermal synthesis method was used for the synthesis of ZnO microwires at 95 ºC with 

constant magnetic stirring.   

 

Step 5: A layer of PMMA was spin coated for strengthening the microwires and providing 

the insulation between top and bottom electrodes. 
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Step 6: A thin layer of gold was coated using plasma sputtering coater for smooth flow for 

current. 

 

Step 7: A thin layer of gold or platinum was sputtered on the top +ve electrode before placing 

the top positive electrode. 
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Step 8: A thin layer of chromium or tin is deposited on top +ve electrode using plasma 

sputtering coater that provide adhesion between gold layer and the substrate. 

 

Step 9: The top positive electrode is placed on the bottom negative electrode. 
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3.2 Sample preparation 

 

The various kind of available aluminum sheets were used for this research like impure 

aluminum sheet having thickness of about 0.5 mm and area of 2 cm2 for the template 

fabrication. The following pure aluminum was used for the fabrication purchased from 

Japan: 

 

1.   99+ % 

2.   99.99 % 

3.   99.999 % 

 

The samples were cut neatly to avoid any surface distortion and in the borders. The advanced 

lathe machines were used for the cutting of substrates. 

 

 
Figure 3.1 The aluminum sheet view 
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3.3 Cleaning 

 

The sample was cut into 1x1 cm and cleaning was performed in ultrasonic cleaning machine. 

The substrates was placed in beakers with necessary amount of chemical used for the 

cleaning purpose. The substrate were went through three stages of ultrasonic cleaning. 

 

1. 5 minutes in (CH3)2CO, propan-2-one. 

2. 5 minutes ethyl alcohol. 

3. 5 minutes in De-Ionized water. 

 

The top and front view of the programmable ultrasonic cleaner is shown in the following 

figures. The ultrasonic cleaner is used to clean the surface of the substrate. The substrate was 

placed in the beaker with excess of acetone in 1st stage for 5 minutes, subsequently 

submersed the substrate in ethyl alcohol solution for about 5 minutes and in De-Ionized 

water for 5 minutes. The outside portion of the device was filled with tap water with level 

just lower to the internal level of the beaker. The temperature was kept about 40-50 ºC for 

adequate cleaning requirement. 

 

 

 
Figure 3.2 The top-view of the ultrasonic cleaner 

 

The acetone was used to clean the surface impurities of the substrate mainly carbon, oil, 

coolant and other miscellaneous impurities over the Aluminum sheet surface. The DI water 

cleaning remove the ethanol and acetone that may stuck to the surface of the substrate. The 

pure nitrogen gas was used to dry the substrates. 
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Figure 3.3 The front-view of the energized ultrasonic cleaner 

 

3.4 Annealing 

 

The cleaned substrate was placed in annealing chamber at 450 ºC under vacuum under 

continous nitrogen gas flow for about 2 hours. The oil based vacuum pump is mounted with 

annealing chamber and nitrogen gas cylinder is connected using tubes, can be seen in the 

following figure. 

The molecular disturbance and deformation caused during cleaning process was fixed in 

annealing chamber at high temperature of about 450 ºC. The high temperature annealing 

make the aluminum more stable and protect it from any strain. If annealing process is not 

done at higher temparature the there is a possibility of changing its molecular state even at 

room temperature. The use of nitrogen gas is suitable at higher temperature is because 

aluminum can react with environmental oxygen and can change it molecular stability, the 

annealing process is essentially necessary to be performed in oxygen free environment. The 

nitrogen gas is flowing at very low flow rate to keep the environment free of oxygen 

components. The annealing process make the substrate softer and it can deformed easily to 

any shape with little force. Therefore the substrate was left inside under the annealing 

chamber with nitrogen gas flow until the temperature comes to the room temperature. 
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Figure 3.4 The oil based vacuum pump is mounted on the MTI annealing chamber 

and various gas cylinders are connected with the system and as per requirement the 

necessary mixing values are used 

 

 
Figure 3.5 The various cylinders of gases used for annealing and drying purpose 
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3.5 Epoxy covering of bare Cu wire 

  

The Figure 3.6 shows the aluminum substrate connected with the copper wire. The plastic 

coated insulated copper wire was used to connect with the substrate and wire stipper was 

used to strip the end of the copper wire. The precise drill machine was used to make a 

aperture for the copper wire and then passed through it. 

 

 
Figure 3.6 The Cu wired aluminum substrate 

 

The epoxy was used to cover the stripped portion of the Cu cable otherwise during electro-

polishing the current will start flowing through this bare wire and no electropolishing will 

achived. It will also ruined the cheical and incase very small portion remain uncoved then it 

bill destroy the whole chemical and experiment need to be repeated several time again and 

again. 

 

 
Figure 3.7 The precise drilling machine used for creating hole for copper wire 

connection in the aluminum substrate 
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Figure 3.8 The aluminum substrate with copper wire connected and covered with 

epoxy 

 

The white and brown epoxy is dissolved in the chemical solution therefore the black and 

brown epoxy was used with ethanol solution. The electropolishing was performed in per-

chloraic acid under constant current flow after the aluminum substrate appropraite 

connection with copper wire and adequate covering of the stripped portion of the copper 

wire. 

 

3.6 Electro-polishing 

 

The aluminum substrate was went through the chemical process of electro-polishing to 

remove the surface roughness. During electro-chemical reaction, the aluminum substrate 

was connected with anode and lead rods were attached with power source at negative 

terminals. The aluminum substrate was facing the two cathode terminals for polishing the 

both sides of the aluminum substrate. The 1:4 solution of concentrated per chloric acid and 

ethanol is used for the procedure. The procedure timing is wholy dependant upon the 

roughness of the aluminum substrate. The smoother the surface the lesser it take time to 

polish it surface like miror otherwise if the surface is not smooth it will consume more hours 

to finish. Mostly 5-8 minutes are required to finish one sample. The temperature of the 

chemical solution must be kept about 0 ºC. The small referegerator was used to maintain the 

temperature of the solution. 

The electro-polishing principles are defined by the Faraday’s  law. The fundamental outcome 

of the electro-polishing is to clean and remove the surface roughness. The residual acid 

components on the surface of the Aluminum substrate was removed in de-ionized water and 
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then placed in vacumm chamber at 200 ºC under nitrogen gas flow to remove any moisture 

contents left the surface. The proper ventilation was kept by using a high power ventilator 

in the room to release the dangerous gases evolved due to the chemical reaction in 

electropolishing procedure. 

The roughness of the aluminum sample was removed ion by ion until its become shine like 

crystal. It must be taken into the notice that incase the longer electropolishing procedure is 

performed than it may reduce the thickness of the aluminum substrate. So it is desired that 

after every three minute sample should be checked and if necessary results has obtained then 

the procedure should be stopped immediately. The necessary mask should be weared all the 

time to protect from the gases evolved due to chemical process of electro-polishing. The 

oxide layer is pormed on the surface of the aluminum to protect it from the corosion. The 

particles of ethyl-alcohol and per-chloraic acid in the atmosphare are quite harmful to the 

human body, so necessary measures should be taken to vaoid any exposure to these particles 

and proper ventilation should be maintained within laboratory environment and masks was 

properly wearedall the experimental work. 
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Figure 3.9 The solution of ethyl-alcohol and perchloraic acid at 0 ºC for the electro-

polishing of the aluminum substrate 

 

The standard procedure of electropolishing was performed for about 3-6 minutes in a 1:4 

ratio solution of ethyl-alcohol and perchroraic acid following the anealation of aluminum 

substrate. The constant voltage was supplied at 40 ºC to obtained the crystal like sparkling 

aluminum substrate.  

 

Figure 3.10 The illustration of electro-polishing procedure 

 

3.7 Anodization first step 

 

The metals are protected with the process anodization and professional are applying the 

procedure for about last 90 years. In this procedure the chemical properties of the surface 

layer is altered and thick oxide layer is formed which protect the metal from any corrosion. 

The nano-structure is formed having porous in regular pattern and hexagonally arranged due 

to anodization in perchloric acid (HCLO4). The formation of the nano-structure in porous 

nature can be controlled with voltage value and concentration of the acid used. The formed 

nano-structure is insulated with electricity and has chemical stability, opaque or semi-opaque 

and biologically saves for usage in bio-compatible substances. 

 

The extremely well ordered pattern serve the purpose of its usage as template for various 

applications. The temperature, voltage of anodization define the pore diameter of the 

template and its diameter can be obtained from 4-10nm. 

 

The following two standard anodization procedures are used: 
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3.6.1 Mild anodization 

 

It is a conventional procedure of anodization and is being used for several years. The 

procedure can be performed in following three chemical with specific molarities and 

electrical value. 

 

Table 3.1: The anodization procedure using standard acids will specific chemical 

molarity and electrical value 

S.Nr. Acid 
Chemical Molarity 

(mol/L) 

Electrical Voltage 

(Volts) 
1. Sulfuric (H2SO4) 0.5 20 

2. Oxalic (H2C2O4) 0.3 40 

3. Phosphoric (H3PO4) 0.1 195 

 

 

Figure 3.11 Set-up used for anodization 

 

3.6.2 Hard anodization 

 

In 2006, Ran Ji, Woo Lee and others introduced the fastest anodization procedure that was 

late termed as the hard anodization.  

 

The conventional anodization procedure is about 2500-3500% slower than the hard 

anodization method and can be performed in standard solution of oxalix acid of 0.3 mol/L 

molarity. The hard anodization is also performed in two standard steps and its procedure is 

explained as under: 
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The procedure is performed at controlled temperature of 0 ºC. The procedure is started with 

standard mild anodization for 5 minutes until five minutes and voltage is resen step by step 

until it reaches to the setpoint value of 125 volts and the setpoint value is maintained for five 

minutes. The temperature of the chemical solution was  maintained at 0 ºC for second step 

anodization and started directly at 120 volts for 2-15 minutes. The time duration is dependant 

upon the thickness of the memrain required. 

 

The Figure 3.12 represents the pattern observed after the three hours of 1st step of anodization 

in phosphoric acid (H3PO4) of 0.1 mol/L concentration at 190 volts. The alumina thin layer 

was observed on the surface of the aluminum substrate. 

 

 

Figure 3.12 The illustration of aluminum substrate surface after the first step 

anodization 

 

The phosphoric acid of 6wt% concentration and chromic acid of 2wt% concentration was 

used to etched the surface layer formed after the first step of anodization at 70 ºC for about 

10 minutes. 

  

The magnetic stirrer was used to keep the solution uniform by using magnetic stirrer rotating 

continuously. The required temperature was set before inserting the substrate in the chemical 

solution. The Figure 3.13 shows the procedure used. 
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Figure 3.13 Alumina layer etching in phosphoric and chromic acid 

 

 

 

Figure 3.14 The substrate surface following the alumina layer etching in phosphoric 

and chromic acid 

 

The pores can be seen in Figure 3.14 after etching of alumina layer. The etched substrate 

was again dipped in oxalic acid at 0 ºC to perform second step anodization at 190V for 

complete one day. The Figure 3.15 shows the substrate surface after the 2nd step of 

anodization in axalic acid for a complete one day at about 190V. 
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Figure 3.15 The substrate surface following the 2nd step anodization 

 

 

Figure 3.16 The results of of mild and hard anodization in oxalic acid 

 

3.8 Aluminum etching 

 

It can be seen in Figure 3.15 that the AAO membrane is obtained after the second step of 

anodization while bottom aluminum is still intact. The membrane need to be etched off to 

transfer it on another surface and this can be done by etching it from the bottom of the 

membrane. The Figure 3.16 shows the membrane etching procedure with necessary other 

equipment. The solution of HCl and Cupric Chloride was used to etched the AAO membrane 

at ambient temperature. The prepared sample was dipped in the HCl and Cupric acid solution 

with magnetic stirrer rotating to keep the consistancy of the solution. 
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Figure 3.17 Aluminum etching 

 

3.9 AAO template 

 

The microscopy of the final AAO template was performed using “Scanning Electron 

Microscope” (SEM). The SEM setup is shown in Figure 3.18 and SEM inside view is shown 

in Figure 3.19. 

 

 

Figure 3.18 Scanning Electron Microscope laboratory setup 
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Figure 3.19 Internal chamber view of SEM instrument, where the samples are placed 

 

The results obtained with above explaned procedure using SEM machines and the 

micrographs obtained are shown in “Result and Discussion” chapter. 

 

3.10 Nanofabrication of tubular porous AAO membrane 

 

The aluminum sheet of 99.56% high purity was arranged from “The Nilaco Corporation” 

Japan. The 1x5x20mm of Aluminum substrate was used and hydrocarban source for CNT 

growth 99.99% pure ethanol was used. 

 

3.11 Nanofabrication of AAO Template on Silicon substrate 
 

A p-type Si wafer (1 0 0) of 225 µm thickness, (Wafer world, Inc.) was sonicated in ethanol 

for 10 min followed by dodecanethiol solution for 10 min to degrease the surface then dried 

under vacuum at 250 °C for 30 min with nitrogen gas flow. The interfacial bonding between 

Si and Au was improved with Cr thin-film of approximately 60 nm was deposited for 60 sec 

using plasma sputtering coater (MTI, GSL-1100X-SPC-12) under vacuum with Ar gas flow 

of about 0.25 LPS. Replace the Cr target with Au target, establish Ar atmosphere under 

vacuum, sputtering for 60 sec (60 nm). The substrate was annealed at 500 ᵒC for 1 hour under 

vacuum with nitrogen gas flow of about 80 ml/min for crystallinity improvement of the Au 

ultrathin-layer. 
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Figure 3.20 Graphical illustration 

(a) Plasma sputtering process used for Cr and Au ultrathin-film coating, and 

(b) Annodization process used to fabricate AAO membrane and template at 0 °C 

 

The RF magnetron sputtering was used to deposit 2 µm thin film of aluminum and the sample 

was annealed at 500 ºC under vacuum with nitrogen flow for 1 hour to improve the adhesion. 

The aluminum oxide surface layer was etched off in NaOH solution and dried under vacuum 

at 250 °C with nitrogen gas. The sample was immersed in electrolytic mixture of perchloride 

acid (HClO4) and Ethanol (C2H5OH) with 1:4 volume ratio (3-10 minutes depends upon the 

surface irregularities), to obtain shiny and mirror like smooth surface at potential of 20 V 

(500 mA/cm2) while maintaining temperature below 5° C. The oxide layer formed during 

electropolishing were removed by immersing the sample in DI water for 3 minutes and 

subsequently in acetone for 3 minutes. 

 

The two steps mild anodization method was used to fabricate the AAO template.  

 

The aqueous electrolytic solution of oxalic acid (0.3 mol/L) was used for first step 

anodization at constant potential of 40 V at 0° C for 6 hours. A magnetic stirrer at 300 rpm 

was constantly rotating to keep the consistent temperature throughout the solution. The 

membrane was rinsed with distilled water and dried with nitrogen gas. Prior to the second 

step anodization, the first step AAO layer was etched off by immersing the sample into a 

mixture of chromic acid (1.8%, mass fraction) and phosphoric acid (6.0%, mass fraction) to 
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get the hexagonally arranged concave templates at the surface of the sample at 75° C for 1 

hour. The second step anodization was performed for eight hours under the same conditions 

as it was in the first step. The bottom barrier layer was etched off in phosphoric acid solution 

of 5 g/l at ambient temperature which also widen the pores diameter to about 55-65 nm. 

 

 

Figure 3.21 SEM of AAO membrane. (a) cross section view, and (b) top view 

 

The synthesis of ZnO microwires was carried out at a temperature below 100 ᵒC by placing 

the substrate facing down at the nutrient solution surface. The 1:1 molar ratio that is 0.02 M 

(Zinc acetate, (CH3COO)2Zn.2H20) and 0.02 M (Hexamethylenetetramine, C6H12N4) was 

used to prepare the nutrient solution. The uniform temperature at 85 ᵒC of the solution was 

kept in a programmable precision convection oven with continuous magnetic stirring. The 

solution was refreshed after every 5 hours for five times in order to obtain ZnO microwires 

of length around 6 µm. 
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Figure 3.22 SEM of ZnO microwires after PMMA spin coating. (a) Cross-sectional 

view, and (b) top-view 

 

The sample was placed in 1M NaOH aqueous solution for 12 hours to dissolve the AAO 

template, then washed with DI water. After drying, the sample was spin coated with 

Polymethylmethacrylate (PMMA) at 5000 rpm for 1 minute and baked at 200 °C for 15 min 

(Figure 3.22). The coating of PMMA has three advantages. The first advantage is that it 

provide insulation between the top and bottom electrodes. Another advantage is that it 

provide mechanical strength to the microwires and distribute the applied force axially and 

radially. Lastly, protect from electrical open that can happen in the worst case, when top 

electrode is placed onto the rough nanoforest surface, it cannot be continuously connected. 

The microwires were also covered with PMMA coating, the oxygen plasma etching was 

performed to etched-off the surface PMMA coating at a radiofrequency power of 15 W for 

15 minutes. The Au thin layer of about 100 nm was sputtered for 60 seconds using plasma 

sputtering coater under vacuum and about 0.25 LPS Ar gas flow. The top electrode was thin 

layered with Au to establish strong Schottky contact. The top electrode was then placed on 
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the ZnO microwires and piezopotential was established with readily deflection in microwires 

due to strain. 

 

 

Figure 3.23 EDX spectroscopy to Elements identification, Free of contamination, and 

Elemental mapping of ZnO microwires 

 

The XRD spectrum was investigated to study the crystallinity of the ZnO microwires using 

monochromatic CuKα radiation (40 kV, 150 mA). The transmission electron microscopy 

(TEM), EDS and scanning electron microscopy (SEM) was used to study the morphology 

and microstructure of AAO template and 1D metal oxide ZnO microwires. 
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CHAPTER 4 
 

RESULTS AND DISCUSSIONS 

 

In this chapter, the obtained results are discussed and what was the reasons why results do 

not meet the device requirement and how the problem was resolved. 

4.1. The SEM of AAO template taken with low resolution machine at µm then the results 

were not meeting the publishing requirement but same samples were sampled in nm 

resolution SEM machine at KMITL, Ladkrabang and results were found presentable.  
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4.2. The SEM was taken after the etching process during AAO template fabrication and found that 
if etching is performed in more concentrating solution then all the pattern will be removed and 
no AAO fabrication can take place in second step. It is further investigated that if concentration 
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of perchloraic acid is more than one percent in ethanol then it can also completely remove the 
first step annodization fabrication in etching process. 
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4.3. The other kind of nanostructures was found due to the mismatched molar concentration of the 
nutrient solution used for the synthesis of ZnO microwires. 
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4.4. The overlapped ZnO microwires was found and these nanostructures are unusable for our 
application of piezoelectric generation. The problem was due to the higher temperature of 
nutrient solution used for the synthesis. 

 

 

 

4.5. The Energy-dispersive X-ray spectroscopy was performed and found impurities of Nickel 
components which occurred due to annealing process. The standard annealing process was 
applied under vacuum with nitrogen gas flow but it happened because proper caring was not 
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taken while cleaning the annealing chamber which resulted in addition of impurities of previous 
experiment performed on that machine. 
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4.6. The aspect ratio of the ZnO microwires play an important role in piezoelectric potential 
generation and it is found that if synthesis process is extended for longer period upto 24 hours 
with new nutrient solution after every 6 hours then microwires of upto 6 µm to 7 µm can be 
obtained. 
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The Figure 4.1(a-i) illustrates the design schematic of the piezoelectric-generator. The two 

steps mild anodization approach was used to fabricate AAO membrane with throughout 

pores of 55-65 nm diameter. The thickness of AAO membrane and depth of pores were 

observed using optical microscope and found identical. The anodization timing in 2nd step 

define the thickness of the AAO membrane. Furthermore, the pore arrangement turns more 

uniform with the increase of anodization time in second step with pores depth increment. 

The 30–50 µm/hr pore growth was observed and about 3 µm AAO membrane thickness was 

measured. The top-view micrograph shown in Figure 3, illustrates the hexagonally arranged 

pores domain on as-prepared AAO membrane with aspect ratios (length to diameter) of 400-

800. 

 

The ZnO microwire network is formed which is spread uniformly and bounded with six 

oxides. The X-ray diffraction spectrum presented in Figure 4.4, confirms the 50-60 nm 

diameter of each microwire synthesized on AAO template. The chemical reaction between 

the deposited Zn with O2 in air was avoided by storing the samples in vacuum chamber 

immediately after the experiment. The XRD spectrum was also taken immediately after the 

experiment. The negative fabrication of honeycomb structure of the patterned ZnO 

microwires was observed in AAO template. The uniform spreading of the ZnO microwires 

in template was confirmed by standard powder diffraction measurement.  Furthermore, the 

measured intensity patterns of X-ray Diffraction proved that the growth of the patterned ZnO 

microwires in the pores of AAO template. The SEM micrograph (Figure 4.2) shows the 

periodical arrangement of ZnO microwires. The SEM study further confirmed the consistent 

aspect ratio of about all the ZnO microwires. Furthermore, the Figure 4.2(a, b) presents the 

ordered spreading of microwires arrays of approximately 60 nm diameter with great 

uniformity. The significant number of ZnO microwires were in c-axis meaning standing 

upright to the silicon substrate with identical height of approximately 6-9 µm. 

 

The diameter of the microwires is about 55-65 nm, respectively and this was achieved 

because of synthesis time which was 24 Hrs. and controlled temperature of 90-95 ºC. The 

effective working diameter of the piezoelectric generator was 1 cm. 
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Figure 4.1 Design schematic of the piezoelectric-generator. (a) Initial heavily doped Si 

substrate, (b) deposition of 6 nm ultra-Thin adhesion layer of Cr, (c) deposition of 6 

nm ultra-thin catalyst layer, (d) AAO membrane after the first step mild anodization, 

(e) AAO Membrane after the second step anodization, (f) ZnO microwires synthesis 

in nanopores of AAO template, (g) AAO template dissolved, (h) PMMA insulation 

coating to improve robustness of the device by strengthening the microwires, and (i) 

Piezoelectric-generator after top positive electrode placement having thin-film 

coating of Cr and Au with approximate thicknesses of 12 nm and 12 nm respectively 

 

The ZnO microwires synthesized at very low temperature have either single or poly-

crystalline structure (Sitti, 2001; Yang, Qin, Dai, & Wang, 2009). The TEM and SAED 

results presented in Figure 9, illustrates the couple of lattices having 0.264 nm and 0.484 nm 

distance between them. The well-oriented hexagonal morphology is observed with single 

crystallinity of the as grown ZnO microwires. 
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Figure 4.2 SEM micrograph of the ZnO microwires as-grown by hydrothermal route 
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Figure 4.3 (a) TEM, and (b) SAED pattern of the as-grown ZnO microwires by 

hydrothermal route 

 

 
Figure. 4.4 XRD spectrum of ZnO microwires on AAO template using silicone 

substrate 

 

The open-circuit voltage values of the piezoelectric generator were measured about 4-6 mV 

(Figure 4.5(a,b,c)). To confirm the measured readings the voltage output was measures with 

reverse polarity and it was confirmed that the readings are same that is 4-6 mV with negative 

polarity indication. The short-circuit current output is nearly 0.5-1 µA for the same 
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piezoelectric-generator (Figure 4.5(d,e,f)), and reverse test was also carried out to confirm 

the output. 

 

 
Figure 4.5 The piezoelectric output performance of the piezoelectric-generator with 

cyclic force. (a) Open-circuit voltage measured for 100 seconds, (b) Open-circuit 

voltage measured for 10 seconds, (c) Open-circuit voltage measured for 2 seconds, (d) 

Short-circuit current measured for 100 seconds, (e) Short-circuit current measured 

for 10 seconds, and (f) Short-circuit current measured for 2 seconds. The single 

piezoelectric-generator was used to carry out all the electrical performance test 

 
 

Advantages of non-lithographic approach 

The self-organized, highly ordered AAO nanopore templates have uniform pore diameter 

adjustable from 20 to 200 nm; uniform pore periodicity from 50 to 400 nm; highest packing 

density 109–1011 cm-2 due to its hexagonal symmetry; the pore diameter, the period, and 

the array size variable over ranges that are beyond the reach of standard e-beam lithography 

with the AAO template pattern completely replicated in dimensionality onto the receiving 

substrate; large area and low cost; process is not material specific ranging from oxides to 

semiconductors to metals to polymers; readily scalable and compatible with existing IC 

processing yet inherently not limited to existing wafer sizes; process conformal to arbitrary 

surfaces either flat or curved surfaces, both locally or globally; does not need a cleanroom 

process (Chik & Xu, 2004). 
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Disadvantages of non-lithographic approach 

Despite numerous significant advantages, they have few disadvantages like template 

produced using bottom up approach have weaker mechanical strength also AAO template is 

less prone to electrical conductivity which result in electrical energy loss. Furthermore, the 

biological application of AAO template based devices is suspected (Flamme et al., 2005; La 

Flamme et al., 2007), due to its amorphous structure and volatility in acidic and basic 

conditions (Lee, Kang, Chang, & Hahm, 2000). The necessary precautions must be taken 

while handling acids used in nanofabrication and any mishandling may result in severe affect 

the lab personnel. Secondly high pressure cylinders should be used with due care and any 

manhandling may damage equipment or injure the operator.  
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CHAPTER 5 
 

CONCLUSIONS 

 

The primary objective of this dissertation was to present a bottom-up fabrication of 

piezoelectric generator using anodic aluminum template for patterned ZnO microwires at 

low temperature hydrothermal route. The fast, facile and cost effective patterned synthesis 

of ZnO microwires is successfully presented using AAO template and structural 

characteristics of microwires are controlled by using low temperature hydrothermal 

synthesis while AAO template is used for patterned synthesis of the ZnO microwires. The 

diameter and aspect ratio of the microwires is controlled by the equimolar ratio of the 

solution. 

 

The secondary objective was to characterize the as-grown ZnO microwires and XRD spectra 

comfirms the single crystallinity of the ZnO microwires in wurtzite phase. The SEM 

micrographs confirms that the microwires are grown vertically aligned and aspect ratio (L/a) 

deend upon the duration of the synthesis and temperature of the solution. The diameter was 

50-60 nm measured using TEM micrographs and EDX result confirms that the growth is 

free from impurities. 

 

The combination of AAO template and hydrothermal synthesis provides an effective 

approach that save time and required less equipment resources. The current study 

compliances with the investigation that single crystalline and arrayed microwires can be a 

better source of piezoelectricity as compared with polycrystalline microwires in terms of 

coercively and squareness. 

 

The integration of nanostructures in modern technologies is the result of combined large-

scale micromachining for applications in piezotronics. The effective time for the 

nanofabrication can be reduced by concurrent implementation of various phases. The 

presented facile and integrated approach will result in low cost and reliable method to meet 

the requirements for large scale nanofabrication of high output piezoelectric-generators 

using silicon substrate. In order to enhance the power scavenging capacity, the coupled 

piezo/photo/pyro can be utilized the ZnO strength in piezo, light and temperature; the 

modified device would simultaneously harvest energy from diverse forms of energies. We 
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believe that AAO template based piezoelectric-generator can open up a countless 

opportunity in the upcoming practical application in energy harvesting. 

 

This scope of this dissertation was limited to single piezoelectric-generator and it is proposed 

for future research that the multiple piezoelectric-generators should be integrated in series 

for voltage gain and in parallel for current gain. So sufficient voltage and current can be 

produced to energize MEMs/ NEMs devices. 
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