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ชื่อวิทยานิพนธ์ การพัฒนาวัสดุที่มีมิติต่่าในการดักจับพลังงาน 
ผู้เขียน นายกิตติรัตน์ ภู่พลับ 
สาขาวิชา ฟิสิกส์ 
ปีการศึกษา 2561 

บทคัดย่อ 

วิทยานิพนธ์นี้รายงานการพัฒนาวัสดุที่มีมิติต่่าในการดักจับพลังงาน การศึกษาถูก
แบ่งออกเป็น ส่วน 3 คือ การศึกษาระเบียบวิธีการดักจับพลังงาน การเตรียมและการศึกษาสมบัติของ
วัสดุไพอิโซอิเล็กตริก และ การประยุกต์ใช้ในการดักจับพลังงาน โดยในส่วนของพลังงานที่ได้รับความ
สนใจในวิทยานิพนธ์นี้คือ พลังงานกล ซึ่งเป็นแหล่งพลังงานที่พบได้ตั้งแต่ ในระดับโรงงาน เช่น การสั่น
ของเครื่องกล หรือในชีวิตประจ่าวัน เช่น การเคลื่อนไหวของส่วนต่าง ๆ ของร่างกาย ระเบียบวิธีที่ให้
ความสนใจในงานนี้คือ ระเบียบวิธีไพอิโซอิเล็กทริก ซึ่งเป็นการแปลงพลังงานกลเป็นพลังงานไฟฟ้าโดย
อาศัยวัสดุที่ไม่มีแกนสมมาตรรอบจุดศูนย์กลางของโครงผลึก โดยระเบียบวิธีดังกล่าวมีข้อดีเหนือกว่า
ระเบียบวิธีอ่ืน คือ ไม่ต้องการแหล่งจ่ายไฟภายนอก และ สามารถเก็บเก่ียวพลังงานได้แม้อยู่ในบริเวณ
ที่มีการสั่นที่ความถี่ต่่า ส่วนที่สองเป็นการศึกษาวัสดุที่จะน่ามาใช้ในการดักจับพลังงาน โดยวัสดุที่ให้
ความสนใจในงานนี้คือ ซิงค์ออกไซด์ (ZnO) และ อิเล็กโตรแอกทีปพอลิเมอร์ พีวีดีเอฟ เฮชเอฟพี 
P(VDF-HFP) ซิงค์ออกไซด์เป็นวัสดุที่ได้รับความสนใจอย่างแพร่หลาย ไม่ว่าจะเป็นด้าน อิเล็กทรอนิกส์ 
ทางแสง เครื่องส่าอาง หรือแม้แต่ด้านการเก็บเกี่ยวพลังงาน ซิงค์ออกไซด์ได้รับการศึกษาอย่าง
แพร่หลายและพบว่าเมื่อลดขนาดลงในระดับนาโน สมบัติทางไพอิโซอิเล็กตริกจะสูงขึ้น ในงานนี้ได้
ศึกษาการเตรียมซิงค์ออกไซด์ระดับนาโนด้วยกระบวนการไฮโดรเทอร์มอล โดยได้มีการศึกษาตั้งแต่ 
สารตั้งต้นที่ใช้ ความเข้มข้น และ สารละลายที่ใช้ โดยสามารถเตรียมได้ในรูปแบบที่แตกต่างกันไม่ว่า
จะเป็น แท่งซิงค์ออกไซด์ระดับไมโครเมตร แท่งซิงค์ออกไซด์ระดับนาโนเมตร อนุภาคซิงค์ออกไซด์
ระดับนาโน โดยสี่งที่เป็นปัจจัยส่าคัญในการก่าหนดขนาดของซิงค์ออกไซด์ที่เตรียมได้ คือ ความเป็น
ขั้วของสารละลาย กรณีที่เตรียมน้่า ซิงค์ออกไซด์ที่ เตรียมได้จะมีขนาดใหญ่ แต่เมื่ อเตรียมใน
สารละลายที่มีความเป็นขั้วต่่า เช่น แอลกอฮอล์ ซิงค์ออกไซด์ที่ได้จะมีขนาดเล็กลงในระดับ 10 นาโน 
ในส่วนของการศึกษาสมบัติได้ท่าการศึกษาโดยกล้องจุลทรรศน์แรงอะตอม (AFM) โดยได้ศึกษาทั้งใน
ส่วนสัณฐานวิทยา สมบัติไพอิโซอิเล็กตริก และ สมบัติทางกล โดยการศึกษาสมบัติไพอิโซอิเล็กตริก
อาศัยเทคนิค piezoresponse force microscopy (PFM) โดยสามารถบอกได้ว่าซิงค์ออกไซด์ที่
เตรียมขึ้นมีสมบัติไพอิโซอิเล็กตริก และยังบอกทิศของโพลาไรเซชั่นได้อีกด้วย ส่วนสมบัติทางกลได้
ศึกษาผ่านระเบียบวิธี force-distance microscopy ซึ่งเป็นระเบียบวิธีที่สามารถ ตรวจสอบสมบัติ
เชิงกลในระดับพิกโคนิวตัน ได้ประยุกต์ระเบียบวิธีดังกล่าวเพ่ือศึกษา สมบัติเชิงกลของวัสดุประกอบ
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คอลลาเจน และ ซิงค์ออกไซด์ระดับนาโน โดยพบว่าซิงค์ออกไซด์ สามารถเพ่ิมเสถียรภาพทางกล
ให้กับ คอลลาเจนได้ เมื่อตรวจพบแล้วว่าซิงค์ออกไซด์มีความเป็นไพอิโซอิเล็กตริกและยังมีผลต่อ
สมบัติเชิงกลของวัสดุ จึงได้น่าซิงค์ออกไซด์รูปแบบต่าง ๆ ไปผสมกับ  พีวีดีเอฟ เฮชเอฟพี เพ่ือขึ้นรูป
เป็นวัสดุเก็บเกี่ยวพลังงานโดยพบว่า วัสดุประกอบ พีวีดีเอฟ เฮชเอฟพี กับ แท่งซิงค์ออกไซด์ระดับนา
โนให้ผลดีที่สุด โดยสามารถแปลงพลังงานจากการสั่น ได้ถึงระดับ 1 ไมโครวัตต์ ที่ความเข้มข้นในการ
ผสม 2 เปอร์เซ็นต์โดยน้่าหนักซึ่ง ค่าพลังงานที่ได้สามารถในไปประยุกต์ใช้กับไมโครคอนโทรนเลอร์ที่
ใช้พลังงานต่่าได้อีกด้วย 
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Major Program Physics 
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Abstract 

This thesis work reported the development of low-dimensional material for 

energy scavenging. The study was separated into three parts, studying the energy scavenging 

methods, preparation and characterization of piezoelectric materials, and application in energy 

scavenging. The energy that was interested in this work was mechanical that was ambient 

energy in daily life. The energy could be either factory scale or human scale. To scavenge the 

energy, piezoelectric method was elected because the piezoelectric method provided the high 

voltage output and small mechanical damping without an external voltage source.  The 

piezoelectric method used the material with non-centrosymmetric property to convert the 

mechanical energy into electrical energy. The second part was the material processing. The 

piezoelectric materials that was observed in this work were ZnO and P(VDF-HFP). ZnO had 

gained widespread attention in many application, for example,. electronic, optic cosmetic, and 

energy harvesting. In the energy harvesting application, ZnO was found that the piezoelectric 

property was greater when the size of ZnO was reduced into nanoscale. In this work, ZnO was 

prepared via hydrothermal method. The effect of precursor, concentration and solvent were 

observed. Macrorod, nanorod and nanoparticle were successfully prepared. The polarity of the 

solvent was found to be the main parameter to determine the size of ZnO. Amount of 10 nm 

diameter was obtained when the ZnO was prepared in methanol. The prepared ZnO were 

characterized by using atomic force microscopy base. Topography, piezoresponse force 

microscopy (PFM) and force-distance curve were studied.  From PFM resulted, prepared ZnO 

was piezoelectric material and the method could identify the direction of growing. ZnO was 

also observed for bioengineering application by mixing the ZnO into collagen film. The 

mechanical properties of the reinforce was observed by force-distance microscopy. From the 

result, ZnO enhanced the young’s modulus and thermal stability of the collagen.  
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In energy harvesting application, ZnO was mixed into electroactive polymer 

P(VDF-HFP) to maximize the energy power. The effect of size, shape, and concentration of 

ZnO were tested. The result showed that the composite film 2 wt% ZnO nanorod P(VDF-

HFP) generated electrical power upto 1 μW that the power was enough for low-power 

microcontroller.   
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The Relevant of the Research work to Thailand    

The purpose of this Doctor of Science Thesis in Physics is to develop a low-

dimensional material to scavenge energy from waste energy source.  The final device can 

generate power up to 1 μW that is enough to supply to low power electric devices. The 

scavenging technology can reduce the using of battery and save the electric power.  
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CHAPTER  1 

INTRODUCTION AND THESIS OVERVIEW 

 

1.1 Introduction and statement of the problems 

A typical realization of renewable energy is a collection from natural 

resources in company with renewable energy technology such as sunlight, wind, 

rain, geothermal, and biomass. Most renewable energy is a clean energy providing 

sustainable benefits for human and particularly no harmful emission to climate. Several 

thousands of reports on clean energy mainly involve with physical structures relatively 

large in size.  In this work, clean electrical energy via energy harvesting on a small scale 

of mechanical movements generated by nanostructure materials is a focus. A word 

“energy harvesting” is often taken place by “energy scavenging”. Although these two 

words are quite the same, the latter is, however, more related to irregular way of energy 

conversion from ambient sources. Novel technologies relating to scavenging energy 

from ambient vibrations such as noise and vibration have been developed for about a 

decade (Rahman and Hoque 2013, Fang, et al. 2018). In these technologies, traditional 

ferroelectric materials have been used because their coupling between mechanical and 

electrical properties can be done through the piezoelectric activity. In a similar period 

of time, low-dimensional structures of various materials have been discovered and 

systematically studied for various compositions and shapes (Wang, et al. 2006, Gao, et 

al. 2007, Cui, et al. 2016). The low-dimensional materials have been reported to have 

high potential application in optics, optoelectronics, catalysis, field effect transistor, 

ultrasensitive and piezoelectric. However, their applications in energy scavenging yet 

have not been extensively explored. This work thus aims to demonstrate the behavior 

of a low-dimensional material which is piezoelectric and the possibility of using the 

material to convert the mechanical deformation into the electrical energy that can be 

delivered to some ultra-low power electronic devices. 

Energy conversion procedure is primarily concerned in this work. 

Because almost all nanomaterials have infinitesimal movements that are extremely hard 

to measure. Therefore, apart from fabricating nanomaterials, developing a useful 
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technique to explore a process of capturing ambient mechanical energy and converting 

it into useable electricity is inevitable. A mathematical insight has necessarily been laid 

down before validating by experimental.  

Functional oxide-based nanostructures such as nanorod and nanobelt of 

zinc oxide (ZnO) have been chosen for a demonstration. This is because ZnO has 

unique properties which are semiconductor, piezoelectric and compatible with 

biological environment. Nanostructures of zinc oxide can be synthesized by several 

methods such as vapor liquid-solid method (Zhao et al. 2007), metal-organic chemical 

vapor deposition (Rivera, et al. 2015) and chemical method (Yu, et al. 2011).  At first 

attempt, this work has fabricated ZnO by a solid state reaction. Afterwards, chemical 

reaction has been chosen. Material properties of ZnO have been characterized at the 

beginning via numerical methods. Several techniques, i.e., Atomic Force Microscope 

(AFM), Scanning Electron Microscope (SEM), Transmission Electron Microscope 

(TEM) etc. have been used as described in the respective chapters.  

 

1.2 Thesis outline  

 The thesis consists of 6 chapters.  The statement of the problem and the 

objectives are presented in this chapter.  

Chapter 2  addresses the background of clean energy generated by 

small and smart energy harvesting systems. The piezoelectricity including modeling 

and constitutive equations are mentioned.  

Chapter 3  describes the physical and chemical reactions employed for 

preparing ZnO nanomaterials. Advantages and disadvantages of both techniques are 

discussed. Material properties for ZnO are included.  

Chapter 4 application of atomic force microscope and synthesized ZnO 

nanomaterials implemented in tissue engineering technology and piezoelectric 

measurement. 

Chapter 5 Focuses on development of micropower energy harvesting 

of smart polymer material benefited from ZnO.  
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Chapter 6 summarized the main findings presented in this work.  

Future outlook of the research is also placed in this Chapter.  

 

1.3 Objectives of research 

1.To fabricate ZnO nanomaterials and investigate their energy 

conversion characteristics numerically and experimentally,  

2. To enhance micropower energy harvesting of smart polymer material 

by synthesized ZnO nanomaterials. 

3. To study the reinforcement of ZnO nanomaterials in biomaterial.  
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CHAPTER 2 

PIEZOELECTRIC ENERGY HARVESTING 

 

 Fining of a new power supply with self-powered and pollution free functions to 

feed a wireless sensor network (WSN) device is a major key in the energy management 

field. The concept of energy harvesting is brought in to account, particularly 

piezoelectric energy harvesting because the source of energy is stray energies in our 

living space and the size of the harvester is suitable for WSN devices. 

 Chapter 2 overviews the piezoelectric energy harvesting.  The first topic is 

focused on the introduction of energy harvesting, basic principle, and development. The 

second part is involved piezoelectricity.  Performance and interpretation of each 

structure are observed via classical calculation and helping of a numerical model.   

 

2.1 Fundamental sources of energy and energy harvesting techniques 

Energy harvesting is the process to transfer an ambient energy source 

into electrical energy. The targeted energy sources are solar, thermal, vibration and 

wind. Energy from solar, wind and water sources are normally categorized to a large-

scale of energy sources. The energy from the sources can be supplied to a household or 

factory scale. Energy harvesting plays an attention only to the small scale of the order 

of millijoules.  

A temperature difference between the two regions results the heat 

energy transfer. When a machine is operated, the energy lost is generated in term of 

heat energy. The effect generates the temperature difference between the machine and 

the natural. The energy can be converted to electrical energy by a thermoelectric 

generator. The efficiency of the difference of the temperature. Amount of 3% is 

obtained at 10oC ΔT, while 14% is at 50oC.  

There are several methods to harvest the energy, for example, 

thermoelectric, thermionic, thermomagnetic, ferroelectric, and Nernst effect. 

Thermoelectric generator bases on Seebeck and Thompson effect. The n- and p-type 
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semiconductor materials are constructed to form of series of connected thermocouples. 

When the device is in the thermal gradient, the difference of the temperature generates 

electrical current. The electrical voltage generated from the device was the 2-3 voltage 

from the thermal difference over than 150oC with power around 1-2 watt. Eventhough 

the thermal energy harvesting is interesting, but the temperature of the human skin is 

around 32 to 35 oC that is different from surrounding around 5 oC (Webb. 1992). This 

result to generated voltage is in the scale of millivolt for a very thin film (Zhou, et al. 

2018). 

Mechanical energy that is kinetic and potential energy can be generated 

from either natural or man-made. The scale of the energy is verily from megajoule to 

nanojoule depended on the sources. Some of them are periodic and some are not. 

Example of periodic mechanical energy source is the vibration of the machine in the 

factory. The natural frequency is depended on the circuit in each country. Electric 

circuity is normally operated at 50 Hz while some of the country, for example USA, is 

operated at 60 Hz.  

Human motion is also interesting in the field. The motion is, for 

example, movement in daily life, performing basic body functions like respiration and 

blood circulation. This energy is classified to be the non-periodic mechanical energy. 

The spectrum of the motion is in very low frequency (< 200Hz). The term of metabolic 

equivalent of task (MET) is used to determine the energy consumption physical activity 

of the human body(Ainsworth et al. 2011). It is defined as the ratio of metabolic rate 

and therefore the rate of energy consumption during a specific physical activity to a 

reference metabolic rate, set by 1.162 W/kg (Zhou, et al. 2018). The MET value can be 

classified into four levels, sedentary behavior (1.0-1.5 MET), light behavior (1.6-2.9), 

moderate behavior (3.0-5.9) and vigorous behavior (≥6MET) (Ainsworth, et al. 2011). 

Amount of 1.162 W/kg can be obtained only watching television and the value can be 

reached to 22.078 W/kg from running at around 19 kph. Availability of the mechanical 

is enough to harvest.  

Electrostatic, electromagnetic, piezoelectric and triboelectric are the 

four common methods to convert the energy. The four technique is based on Maxwell's 

equations. Electrostatic energy harvesting is an adaptive capacitor with movable 
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electrode. The energy is harvested according to the Ericsson cycles. When the 

mechanical force field is absent, the distance between the electrode is fixed. Charge and 

discharge only occur. When the distance of the electrode is forced by the mechanical 

energy, energy harvesting function is taken place. Triboelectric energy harvesters rely 

on friction contact of two materials with different polarities charge accumulation. The 

cycle of charge flow occurs during the repeating of contact and non-contact of the two 

material that is the effect of electrostatic induction.  

Comparison of these four techniques, the piezoelectric technique 

provides the high voltage output, small mechanical damping, no voltage source 

required, no mechanical stoppers needed, and high energy density (Roundy, et al. 

2003). The advantages are beneficially over the three techniques that the operation is 

required external power source for electrostatic technique (Roundy, et al. 2003), the 

efficiency at low frequency for electromagnetic technique (Miao, et al. 2006), and the 

durability is not satisfactory with electrostatic charge accumulation for triboelectric 

technique (Wang, et al. 2015). However, high impedance and low current of the 

piezoelectric of the technique must be resolved (Khan et al. 2014). 
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2.2 Piezoelectric energy harvesting  

 

Figure. 2. 1. Number of publications of each year with a key word “ piezoelectric 

vibration energy harvesting” by Thomson Reuters Web of Sciences. 

Development of piezoelectric energy harvester is increasing for a 

decade. The publication of in the field is continually increased since 2001 as seen in the 

figure 2.1.The first publication is in the topic“ Energy Harvesting Eel”  by Allen and 

Smits in 2001.  Flexible piezoelectric polyvinylidene difluoride membrane or another 

word “ ell”  was used to harvest energy from vertex stream. Nowadays, a lot of 

piezoelectric harvesters have been revealed. 

 

 

 

 

 

Figure 2.2. Energy flow in development of piezoelectric energy harvester (Edited from 

Kim et al. 2007). 
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The principle of energy flow in piezoelectric energy harvesting is 

conducted by Kim et al. as shown in figure 2.2. Designing of energy harvester must be 

matched to mechanical energy in the environment. Cantilever beam structure, a beam 

with fixed one end and free one end, is discussed in the field. The displacement is 

strongest at the free end of cantilever while the strain is strongest at the location nearly 

the fixed end.  Most of the invention plate the piezoelectric around the root to obtain 

the maximum stress from the structure (Roundy and Wright 2004). The cantilever 

structure strongly vibrates when the structure is placed in the energy field with the 

frequency that matches to the cantilever of another word ‘resonant frequency’. The 

resonant frequency of cantilever is depended on the dimensions of the beam. In case of 

the interesting mechanical source is single frequency vibration, if the resonance of the 

cantilever is tuned to match with the mechanical source the maximum energy is 

obtained.  

Clamped circular plates is a structure to harvest the energy from 

compression. Kim and coworker develop the energy harvester that consist of the two 

dome-shaped metal end-caps glued on piezoelectric sheet called a piezoelectric 

‘cymbal’ (Kim et al. 2004). The structure transfers the force in normal direction to 

radial direction.   

Eventhough the mechanical energy transfer is important, but the 

efficiency of the device is still depended on piezoelectric material. Greater piezoelectric 

coefficient can highly generate electric power. Piezoelectric ceramics, polymer and 

semiconductor have their different advantage and disadvantage. Lead zirconate titanate 

(PZT)is a one of piezoelectric materials that widely used because the coupling 

coefficient is the greatest. Fang and co-worker have developed PZT based energy 

harvester in the cantilever structure. The harvester generated power peak around 2.16 

μW under resonant excitation with strength of 1 g acceleration with 609 Hz frequency 

(Fang, et al. 2006). Screen print unimorph silicon/PZT produced by Lei and their group 

in 2012 generated piezoelectric power 14μW with optimal load of 100kΩ from 1 g 

acceleration with 235 Hz. Limitation of the harvester with PZT that cannot be used at 

low frequency is the stiff of the material. In order to obtain the structure that operates 

at low power the size of the harvester should be increased. Another limitation is the 
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brittleness of the material, that made the device cannot be placed at the force field with 

large displacement.  

Poly(vinylidene fluoride) (PVDF) is the most popular piezoelectric 

polymer. PVDF belongs to mm2 crystal symmetry. The piezoelectricity of the polymer 

is depended on the conformation of the polymer structure. The highest polarization can 

be obtained when the fluoride is located the same side along the backbone. The phase 

is call β-phase. However, in the general condition of preparation, the non-polar phase 

(α-phase) is obtained. To maximize the β-phase, post-process is required. Poling 

process, applying the external electric field at the temperature around 90-130 oC, 

enhanced the piezoelectric coefficient from 3.7 to 28 pC/N. However, the piezoelectric 

coefficient of the polymer is far away from the PZT. 

Development of the piezoelectric polymer is relied on enhancement the 

piezoelectric coefficient andneglecting the post-process. A lot of dopant is brought in 

to account. Doping of graphene nanoparticle enhanced ferroelectric behavior and 

dielectric constant that was able to scavenges a maximum power of 36 nW (Rahman, 

et al. 2013). Lead zirconate titanate (PZT) immerged in the polymer improved the 

piezoelectric coefficient from -32 to 84 pC/N (Tiwari, et al. 2016). Modified P(VDF-

HFP) by carbon black also shows higher performance which could reach the level of 

up to 561%. (Wu, et al. 2016). 

Semiconductor is one of the popular piezoelectric materials, 

particularly, II-IV compound semiconductor. The advantage over the first two group is 

rectifying behavior when some metal is used as an electrode. This enable the harvester 

not only generate electrical power but also converse the AC signal to DC signal by 

without any external diode. the ZnO is a one of II- IV semiconducting material with 

multifunction that is used in many applications; cosmetic, antibacterial, electronic, 

photonic and piezoelectric.  The crystal structure of ZnO is shared by three structure; 

wurtzite, zinc blende and rock salt (Figure 2.3). Wurtzite structure (6mm space group) 

is found in the thermodynamic stable phase that have the most non- zero piezoelectric 

elements in the three structures. Overlapping of two hexagonal Zn and O (Figure 2.3c) 

result to non-centrosymmetric. The distance between Zn and O resulted to the dipole in 

the material.   
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Figure 2.3. The crystal structures of ZnO, the red and the pink solid cycles are Zn and 

O atoms, respectively.  

 

 Most of the usage form of ZnO is one dimensional form because of its 

controllable polarization direction during growth process resulted to lower effect of 

neighborhood grain. In between 2006-2010, Wang’ group developed energy harvesting 

or scavenging with nanorods of ZnO.  Electrode patterns and an alignment of ZnO have 

been designed and modified in different ways.  The results from his research group are 

that the electrical output has been improved from 6 mV to 1.2V (Wang and Song, 2006; 

Yang et al. 2009; Hu et al. 2010 ).  

For the last decade, research corporate the advantage of each material to 

fabricate the harvester to maximize the output power. The development is not limiting 

to use some of material as a dopant. The development also found as a layer by layer 

that makes the device can supply the power energy to small power electronic devices. 

 

2.3 Constitutive equation for piezoelectric energy harvesting 

Piezoelectricity is an electromechanical coupling system.  Piezoelectric 

equation can be derived by application of the thermodynamic law.  The finalized 
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equations can be done by difference pairs of independent parameters and the 

corresponding free energy that is summarized in the Table 2.1. 

 

Table 2.1 Types of fundamental piezoelectric relation (Ikeda, 1990) 

Independent 

variable 

Type Piezoelectric relation Form Thermodynamic 

function 

S,D Extensive 
𝑇 = 𝑐𝐷𝑆 − ℎ𝐷 

h-form 
Helmholz free 

energy 𝐸 = −ℎ𝑆 + 𝛽𝑆𝐷 

T,E Intensive 
𝑆 = 𝑠𝐸𝑇 + 𝑑𝐸 

d-form 
Gibbs free 

energy 𝐷 = 𝑑𝑇 + 휀𝑇𝐸 

T,D Mixed 
𝑆 = 𝑠𝐷𝑇 + 𝑔𝐷 

g-form 
Elastic Gibbs 

energy 𝐷 = −𝑔𝑇 + 𝛽𝑇𝐷 

S,E Mixed 
𝑇 = 𝑐𝐸𝑆 − 𝑒𝐸 

e-form 
Electric Gibbs 

energy 𝐷 = 𝑒𝑆 + 휀𝑆𝐸 

 

 The relation between 4 piezoelectric coefficients are 

 𝑑𝑛𝑖𝑗 = 휀𝑛𝑚
𝑇𝑔𝑚𝑖𝑗 = 𝑒𝑛𝑘𝑙𝑠𝑘𝑙𝑖𝑗

𝐸 (2.1a) 

 𝑒𝑛𝑖𝑗 = 휀𝑛𝑚
𝑠ℎ𝑚𝑖𝑗 = 𝑑𝑛𝑘𝑙𝑐𝑘𝑙𝑖𝑗

𝐸 (2.1b) 

 𝑔𝑛𝑖𝑗 = 𝛽𝑛𝑚
𝑇𝑑𝑛𝑖𝑗 = ℎ𝑛𝑘𝑙𝑠𝑘𝑙𝑖𝑗

𝐷 (2.1c) 

 ℎ𝑛𝑖𝑗 = 𝛽𝑛𝑚
𝑇𝑒𝑛𝑖𝑗 = 𝑔𝑛𝑘𝑙𝑐𝑘𝑙𝑖𝑗

𝐷 (2.1d) 

   

In practical, d- form piezoelectric equation is almost used to determine 

the performance of a material in piezoelectric application.  D is preferable for analyses 

of sound and vibration because the value can be determined via quantity of free charge 

directly.  

The other way to identify performance of the system is determination 

via coupling coefficient k2, ratio between stored mechanical energy and supplied 

electrical energy or stored electrical energy and supplied mechanical energy. In the case 
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of piezoelectric the coupling is defined by ratio of the square of interaction coefficient 

term and product of the principal coefficients term.  Recall piezoelectric equations d-

form 

 

 
𝑘2 =

𝑑2

휀𝑇𝑠𝐸
 

(2.2) 

   

Principally, the piezoelectric coefficients are tensor.  All of the 

process is accordingly to tensor algebra. The member of each tensor is depended on the 

physical properties is used to construct.  Mechanical stress is resulted by force tensor 

and unit vector of the normal area in Cartesian coordinate that is a first range tensor. 

The size of the stress tensor is 3×3. Piezoelectric is the third range tensor is constructed 

by a second range tensor and a first range tensor.  The member of the tensor is 27. 

However, the stress and strain tensor are symmetric that the indices can interchange. 

The tensor notation is turned into simpler matrix expression by index abbreviations as 

seen in table 2.2 

Table2.2 Matrix notation of symmetric tensors. 

ij or kl p of q 

11 1 

22 2 

33 3 

23,32 4 

13,31 5 

12,21 6 

 

By the notation, the following identifications are made: 

 𝑇𝑖𝑗 = 𝑇𝑝 (2.2a) 

 𝑆𝑖𝑗 = 𝑆𝑝, 𝑤ℎ𝑒𝑛𝑖 = 𝑗 

2𝑆𝑖𝑗 = 𝑆𝑝, 𝑤ℎ𝑒𝑛𝑖 ≠ 𝑗 
(2.2b) 
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 𝑑𝑛𝑖𝑗 = 𝑑𝑛𝑝 (2.2c) 

 𝑐𝑘𝑙𝑖𝑗 = 𝑐𝑝𝑞 (2.2d) 

   

 The application of the matrix notation can reduce the member of the tensor, for 

example, 27 to 18 for piezoelectric tensor and 81 to 36 for elastic compliance and 

stiffness tensors.  Piezoelectric property is related to the crystal structure directly.  By 

application of matrix transformation and symmetry operation, some components of the 

tensor are disappeared and some of them are found a relation.  For the detail of the 

symmetries in the piezoelectric coupling matrix of all crystal classes can see in 

“Physical properties of crystals” (Nye, 1957).  

 

2.4 Electromechanical coupling properties of fundamental shape 

 The suitable shape of the material is necessarily optimized.  Troiler- Mckinstry 

and Muralt shown comparison between piezoelectric bulk and thin film ( Troiler-

Mckinstry and Muralt, 2004). Sensitivity, effective piezoelectric coefficient, of the bulk 

in thickness mode is dominated by d33 purely.  While the sensitivity is dramatically 

dropped for the thin film.  The bending effect becomes significant.  Troiler- Mckinstry 

and Muralt showed equations to express the effective piezoelectric coefficients both 

parallel and normal directions in terms of bulk coefficients as shown.  

 

 
𝑒31,𝑓 =

𝑑31

𝑠11
𝐸 + 𝑠12

𝐸 = 𝑒31 −
𝑐13
𝐸

𝑐33
𝐸 𝑒33 

(2.3a) 

 
𝑑33,𝑓 =

𝑒33

𝑐33
𝐸 = 𝑑33 −

2𝑠13
𝐸

𝑠11
𝐸 + 𝑠12

𝐸 𝑑31 
(2.3b) 

   

where subscript f is referred to the coefficient of the film. 

 Also, the piezoelectric coefficient is confirmed the greater value when the form 

of the nanostructure is considered (Zhao, et al 2004). The piezoelectric coefficient ZnO 

nanobelt have been characterized via atomic force microscope (AFM)  in piezoelectric 
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force microscope mode (PFM). The coefficient was greater than the bulk form around 

2.5 times that effect from size effect of the material. 

 Not only the size and the shape of the piezoelectric material but also the 

alignment of an electrode on the piezoelectric is effect to the sensitivity of the material. 

Ikeda ( Ikeda 1990)  shown simply configuration and its coupling coefficient of each 

mode that is concluded in table 2.3. 

 

Table 2.3 Electromechanical in various vibration modes of piezoelectric material. 

Structure Conditions Electromechanical 

coupling  coefficient 

(k2) 
Mechanic

al 

Electrical 

 
Length-extensional (T) 

𝑇2 = 0 

𝑇3 = 0 

𝜕𝐸3
𝜕𝑥1

= 0 𝑘31
2 =

𝑑31
2

𝑠11
𝐸 휀33

𝑇  

 
Length-extensional (L) 

𝑇1 = 0 

𝑇2 = 0 

𝜕𝐷3
𝜕𝑥1

= 0 𝑘33
2 =

𝑑33
2

𝑠33
𝐸 휀33

𝑇  

 
Radial (extensional) (T) 

𝑇3 = 0 

(𝑢𝜃 = 0) 

𝜕𝐸3
𝜕𝑟

= 0 𝑘𝑝
2 =

2

1 − 𝜎

𝑑31
2

𝑠11
𝐸 휀33

𝑇  

 
Radial-dilatational (T) 

𝑆3 = 0 

 

𝜕𝐸3
𝜕𝑟

= 0 𝑘𝑝
′2 =

2

1 − 𝜎′

𝑒31
2

𝑐11
𝐸 휀33

𝑅𝑇 
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Structure 

Conditions Electromechanical 

coupling coefficient (k2) Mechanica

l 

Electrical 

 
Width-extensional-1 (T) 

𝑆2 = 0 

𝑇3 = 0 

 

𝜕𝐸3
𝜕𝑥1

= 0 𝑘31
′2 =

𝑒31
′2

�̃�𝐸 휀 ′𝑊𝑇
 

 
Width-extensional-2 (T) 

𝑇2 = 0 

𝑆3 = 0 

 

𝜕𝐸3
𝜕𝑥1

= 0 𝑘31
′′2 =

𝑒31
′′2

�̃� ′𝐸휀 ′′𝑊𝑇
 

 
Width-extensional-3 (L) 

𝑆1 = 0 

𝑇2 = 0 

 

𝜕𝐷3
𝜕𝑥3

= 0 k31
′2 =

e33
′2

c̃33
′D ε′′′WS

 

 
Thickness-extensional-1 

(L)(⊥) 

𝑆1 = 0 

𝑆2 = 0 

 

𝜕𝐷3
𝜕𝑥3

= 0 kt
2 =

e33
2

c33
D ε33

S
 

 
Thickness-extensional-2 (T)(∥) 

𝑆2 = 0 

𝑆3 = 0 

 

𝜕𝐸3
𝜕𝑥1

= 0 ke
2 =

e31
2

c11
E ε33

S
 

 
Thickness-shear-1 (L)(⊥) 

𝑆4 = 0 

 

𝜕𝐷1
𝜕𝑥1

= 0 k15
2 =

e15
2

c55
D ε11

S
 

 
Thickness-shear-2 (T) (∥) 

𝑆6 = 0 

 

𝜕𝐸1
𝜕𝑥1

= 0 k5e
2 =

e15
2

c55
E ε11

S
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Structure 

Conditions Electromechanical 

coupling  coefficient 

(k2) 
Mechanical Electrical 

 
Hydrostatic 

  
kh
2 =

dh
2

sh
Eε33
T

 

 
Tube 

Thickness-extensional 

Length-extensional 

Circular-extensional 

   

 

 

 

 

 

𝑘𝑡
2 

𝑘31
2  

𝑘31
2  

Note:  T=transverse effect and L = longitudinal effect 

𝜎 = −𝑠12
𝐸 ∕ 𝑠11

𝐸  

�̃�𝐸 = 1 ∕ 𝑠11
𝐸 (𝐼 − 𝜎2) 

𝜎 ′ = 𝑐12
𝐸 ∕ 𝑐11

𝐸 ,휀33
𝑅𝑇 = 휀33

𝑠 ∕ (1 − 𝑘𝑝
′2), 휀33

𝑅𝑇 = 휀33
𝑇 (1 − 𝑘31

2 ) 

𝑒31
′ = 𝑒31 − 𝑒33𝑐13

𝐸 𝑐33
𝐸⁄ , 휀 ′𝑊𝑇 = 휀33

𝑇 (1 − 𝑘31
2 ) 

휀31
′′ = 휀31(1 − 𝑐12

𝐸 ∕ 𝑐11
𝐸 ) 

�̃� ′𝐸 = 1 ∕ 𝑠11
𝐸 (1 − 𝜎1

𝐸𝜎3
𝐸), 𝜎1

𝐸 = −𝑠13
𝐸 ∕ 𝑠33

𝐸 , 𝜎3
𝐸 = −𝑠13

𝐸 ∕ 𝑠33
𝐸  

𝑒33
′ = 𝑒33 − 𝑒31𝑐31 𝑐11

𝐸⁄ , �̃�33
𝐸 = 𝑐33

𝐸 − (𝑐13
𝐸 )2 ∕ 𝑐11

𝐸 , 휀 ′′′𝑊𝑇 = 휀 ′′′𝑊𝑆 ∕
(1 − 𝑘33

−2) 
�̃�33
𝐷 = 1 ∕ 𝑠33

𝐷 (1 − 𝜎1
𝐷𝜎3

𝐷), 𝜎1
𝐷 = −𝑠13

𝐷 ∕ 𝑠11
𝐷 , 𝜎3

𝐷 = −𝑠13
𝐷 ∕ 𝑠33

𝐷  

keis an expedient coupling coefficient:𝑘2 = 𝑘𝑒
2 ∕ (1 − 𝑘𝑒

2) 
k5e is an expedient coupling coefficient: 𝑘5𝑒

2 = 𝑘15
2 ∕ (1 − 𝑘15

2 ) 
𝑑ℎ = 2𝑑31 + 𝑑33, 𝑠ℎ

𝐸 = 2(𝑠11
𝐸 + 𝑠12

𝐸 ) + 4𝑠13
𝐸 + 𝑠33

𝐸  

 

 

The axes of each configuration are referred to material coordinate that 

the axis 3 is the poling direction.  Structural, alignment and electrode pattern affect the 

sensitivity. Based on commercial PZT5A (www.efunda.com, 15/4/2016), 𝑑15 is greater 

than 𝑑31 and𝑑33for 1. 56 and 3. 40 time, respectively.  The material can show the best 

performance when the configurations thickness-shear-1 (L)(⊥) is considered.  

The coupling coefficient can be used to predict the performance of the 

structure.  However, the coefficient is derived in the static condition, that may not be 
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enough to describe the system because most of them is operated at the dynamic 

condition.  The frequency response is necessary to consider.  In obtain the information, 

sometimes the equation to describe is quite complicated that is hard to analyst the exact 

solution. The application of a numerical method is used to full few the problems. Finite 

element method is a numerical method is almost employed in continuum mechanic. The 

method is suitable for both static and dynamic system that enables us to optimize the 

model before implementation. 

2.4 Piezoelectric energy harvesting method 

 The model of vibration energy harvesting system was developed by William 

and Yates in 1996 as shown in figure 2.4.  

 

Figure. 2.4. Schematic diagram of the linear and inertial-base generator (edited from 

Wei and Jing 2017). 

 

 The Newtonian equation of the system is described by 

 𝑚�̈�(𝑡) + (𝑑𝑚 + 𝑑𝑒)�̇�(𝑡) + 𝑘𝑧(𝑡) =  −𝑚�̈�(𝑡) (2.4) 

where z(t) and y(t) are the spring deflection and the input 

displacement, respectively. The parameter m, k, dm and de represent the seismic mass, 
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the spring constant, the mechanical damping coefficient and the electrical damping 

coefficient, respectively. 

 

The equation of motion is obtained as following: 

 
𝑧(𝑡) =

𝜔2

√(
𝑘
𝑚 − 𝜔

2) + (
(𝑑𝑚 + 𝑑𝑒)𝜔

𝑚 )
2

𝑦0sin (𝜔𝑡 − 𝜑) 
(2.5) 

where 𝜑 is the phase angle that is given by 

 
𝜑 = 𝑡𝑎𝑛−1 (

𝑑𝑇𝜔

𝑘 − 𝜔2𝑚
) 

(2.6) 

The maximum energy can be extracted when the excitation energy is 

equaled to the natural frequency 𝜔𝑛 of the spring. The maximum energy is described 

as following: 

 
𝑃𝑜𝑢𝑡 =

𝑚휁𝑒𝑦0
2𝜔𝑛

3

4휁𝑇
2  

(2.7) 

where 휁𝑇  is the total damping ratio that equals to  𝑑𝑇/2𝑚𝜔𝑛 

 

2.5 Vibration mode of cantilever 

 - Longitudinal mode 

The cantilever is portion into a segment with cross- section A and 

thickness dx.  The segment is assumed to be pulled by a force P in left end and P +
𝜕P

𝜕𝑥
 

dx in another one.  After summing the force in x-axis and replace the force P in x-axis 

by σxA. By the linear elastic theory, the result becomes 

 

𝜕(𝐴𝐸
𝜕𝑢
𝜕𝑥
)

𝜕𝑥
+ 𝑓 = 𝜌𝐴

𝜕2𝑢

𝜕𝑡2
 

 

(2.8) 
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where u is displacement of the beam in x axis, ρ is mass density, E is elastic modulus 

and f is applied force.  

For the case of free vibration, which is vanishing of the external force, 

the solution of the equation can be separated into the term that depended on a space and 

time (u(x,t)=ΣcX(x)T(t)). The result of the equation (2.8) thus become 

 

𝑢(𝑥, 𝑡) =∑𝑐𝑖1 sin(𝛼𝑖𝑥 − 𝜔𝑖𝑡) + 𝑐𝑖2 sin(𝛼𝑖𝑥 + 𝜔𝑖𝑡) 

𝜔𝑖
2 =

𝐸𝛼𝑖
2

𝜌
,𝜔𝑖𝑙√

𝜌

𝐸
=
(2𝑖 − 1)𝜋

2
  (𝑖 = 1,2,3, … ) 

(2.9) 

 

, where ωi is eigenfrequency of i th mode.  

- Transverse mode 

The cantilever is forced in ez-axis which results to bending deformation 

from ex-axis. The forces that act on the considered segment is shown in figure 2.5 

consists of shear force V and bending moment M. Amplitude of bending, in this case, 

is assumed very small resulted to ds is nearly to dx.   

 

Figure 2.5. Free-body diagram of infinitesimal cantilever in transverse mode. 

 

From the total force and total moment, the equation the state that 

describe the bending deformation can be shown by 

 
𝜕2

𝜕𝑥2
(𝐸𝐼

𝜕2𝑤

𝜕𝑥2
) + 𝜌𝐴

𝜕2𝑤

𝜕𝑡2
= 𝑝 (2.10) 
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Where w is deformation in ez-axis, and I is the second moment that 

depending on the cross-section of the cantilever. The equation is also known as classical 

beam Euler-Bernoulli theory. By separation the solution the same as longitudinal mode 

(w(x,t) = ΣcW(x)T(t)), the obtained general solution is become: 

 𝑊(𝑥) = 𝐶1𝑠𝑖𝑛𝛼𝑥 + 𝐶2𝑐𝑜𝑠𝛼𝑥 + 𝐶3𝑠𝑖𝑛ℎ𝛼𝑥 + 𝐶4𝑐𝑜𝑠ℎ𝛼𝑥 
(2.11) 

 𝑇(𝑡) = 𝐷1𝑠𝑖𝑛𝜔𝑡 + 𝐷2𝑐𝑜𝑠𝜔𝑡 

 

By application of cantilever beam boundary conditions, the deformation 

is determined to be zero at the fixed end. At the free end, there are no shear and moment 

force. The corresponding eigenfrequency are found: 

 

𝛽2 = (𝛼𝑖𝑙)
2 =,𝜔𝑖𝑙

2√
𝜌𝐴

𝐸𝐼
 (2.12) 

 

To make it clearly that nanostructure like nanorod is not suitable for 

energy harvesting at very low frequency. ZnO nanorod is used as a model in the testing. 

By helpfull of COMSOL Multiphysics software. Material parameter for is listed in table 

2.4. The diameter and length of nanostructure are 1 and 5μm and Modes of vibration 

ZnO nanorod in each form is in table 2.5 to 2.7.   
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Table 2.4 Listed of physical properties of ZnO. 

Physical 

property 

Value Reference 

Density 

(Kg/m3) 

5680  

Dielectric 
(
8.54 0 0
0 8.54 0
0 0 10.20

) 
 

Elastic 

stiffness 

(GPa) 

(

  
 

209.7 121.1 105.1
121.1 209.7 105.1
105.1 105.1 210.9

0        0        0
0        0        0
0        0        0

0        0        0
0        0        0
0        0        0

42.47 0 0
0 42.47 0
0 0 44.29)

  
 

 

(Bateman 

1962) 

Piezoelectric 

coefficient e 

(C/m2) 

(
0
0

−0.51

0
0

−0.51

0
0
1.22

0
−0.45
0

−0.45
0
0

0
0
0
) 

(Carlotti et 

al. 1987) 

 

Rigid modes ( translation and rotation)  were only found in the first two 

modes of the free-standing rod. The characteristic frequency and the mode of vibration 

next to the rigid mode of the freestanding rod were similar to the bar configuration. 

Transverse modes shape of the freestanding and the bar were started with a haft 

wavelength while the cantilever was started with a one forth wavelength.  Each of the 

transverse modes shape of the three configurations was separated by π.  The cantilever-

like shown lowest eigenfrequency in vibration modes. 

Corresponding induced voltage via piezoelectric effect was shown in 

table 2.6.  Distribution of electric field was according to deformation at each 

eigenfrequency.  The high compressive regime affected high positive induced voltage 

and vice versa.  

Longitudinal mode, deforming gradient and the induced voltage was 

parallel to the natural axis of the rod. The distribution was symmetry. When an external 

load is connected to the two ends of the rod, the charge driven was not occurred due to 

equality of the electric field, the driven force only occurred within the material.  In 
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realistic, when the piezoelectric material is forced, the temporary charge occurred due 

to the imbalance between the electric field at the two surfaces of the material.  Adding 

ground to the boundary condition resulted imbalance of the electric field. 

In the case of cantilever beam like bending, distribution of electric at the 

constraining surface is occurred.  The deformation of the transverse mode of the 

cantilever is occurred perpendicular to the natural axis of the rod.  In this case, there is 

one plane that isn’t deformed. If the natural axis was set as a z-axis and the displacement 

was occurred in the positive value of x- axis, the regime over the plane would be pressed 

and the below one would be extruded.  The effect resulted to gradient distribution of 

induced at the xy-plane.  
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Table 2.5 The first six mode of vibration for hexagonal rod with different boundaries. 

Condition 1st 2nd 3rd 4th 5th 6th 

Free 

boundary 

   

 

 

 

Clamped 

one end 

 

 

 

 

 

 

Clamped 

two ends 

 

 

 

 

 

 

Low deformation  High deformation 
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Table 2. 6 Corresponding voltage according to deformation at characteristic frequency 

for hexagonal rod with different boundaries. 

Condition 1st 2nd 3rd 4th 5th 6th 

Free 

boundary 

      

Clamped 

one end 

   

 

  

Clamped 

two ends 

      

Negative voltage Positive voltage 
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Table 2.7 Eigen frequency for hexagonal rod with different boundaries. 

Condition 1st  

(MHZ) 

2nd 

(MHZ) 

3rd 

(MHZ) 

4th 

(MHZ) 

5th 

(MHZ) 

6th 

(MHZ) 

Free 

boundary 

0 0 75.41 134.31 186.27 269.96 

Clamped 

one end 

12.87 67.27 72.17 127.26 177.97 201.86 

Clamped 

two ends 

72.019 134.74 170.15 269.46 275.62 289.35 

 

Definition between the cantilever beam and rod is in their displacement 

characteristics.  The beam showed only transverse mode and the rod undergo either 

longitudinal or torsional ( Leissa and Qatu, 2011) .  In our calculation, the longitudinal 

and torsional occurred both the rod and the beam but the sequence of the mode was 

different.  In case of the hexagonal prism with 10 µm length, the torsional and 

longitudinal modes were found at the third and the fifth modes, respectively, while the 

hexagonal prism with 100 µm length were found at the fifth and the eight modes. 

 

 

 

 

 

 

 

 

 

Figure 2.6. The Relation between frequency of each modes of vibration of ZnO 

cantilever like with changed length. 

1.00E+05

1.00E+06

1.00E+07

1.00E+08

1.00E+09

0 10 20 30 40 50 60 70 80 90 100

F
re

q
u

en
cy

 (
H

z)

Length (nm)

1st Transverse mode

2nd Transverse mode

3rd Transverse mode

4th Transverse mode

5th Transverse mode

6th Transverse mode

1st Torsional mode

1st Longitudinal mode



26 

 

  From the results, the resonance frequency of nanorod is in the range of MHz 

that is higher than the scale of natural and manmade vibration. To use the nanoparticle 

in the energy harvesting field, the suitable structure should be considered. 

 

2.6 Conclusions 

 Development of energy harvesting has been starting since the conventional 

method to change many kinds of energy to electrical was discover.  The main of each 

technique is maximized the efficiency to converse the energy. The piezoelectric method 

is using the physical property of the piezoelectric to change the form of mechanical 

energy to electrical energy.  Maximization of the efficiency is involved in material 

processing directly.  The operation is started from the process of synthesis to produce 

the material with singularity spontaneous polarization and minimized crystal defect. 

The shape and the electrical contact are a one of the factors is consider because of the 

anisotropic property of piezoelectricity.  By application of the numerical method and 

high performance of computer which can be used to analyze to observe the performance 

and suitability of the piezoelectric material to match with a targeted system.  
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CHAPTER 3 

SYNTHESYTE OF ZNO NANOSTRUCTURE AND SURFACE 

MODIFICATION 

 

Previously, mechanical and electromechanical coupling of ZnO in one-

dimension have been discussed. The efficiency of the material can be tuned by the 

material processing. This chapter, the fabrication of ZnO  and its surface modification 

are the main objectives. All of fabrication techniques and surface modifications of ZnO 

nanostructures will be described.  

 

3.1 Introduction 

ZnO one-dimensional, nanorod and nanowire, can be fabricated by 

several methods such as vapor deposition (VLS), metalorganic chemical vapor 

deposition (MOCVD), and chemical route. 

VLS method is the first discussed by Wagner and Ellis during the 1960s 

(Wagner and Ellis, 1964). Controllable of the aspect ratio of ZnO nanorods and vertical 

alignment of the nanorods are advantages of the method. The method is started with the 

dissolution of gaseous reactants into nanosized liquid droplets of a catalyst metal, 

followed by nucleation and growth of single crystalline rods and then wires. Three are 

important four factors for the method: the crystal matching between ZnO and substrate, 

the distance between a substrate and the reactants, the temperature and the gas flow rate 

(Cao, 2004).   

  Crystal orientation of ZnO is determined by a substrate. The c-plane 

sapphire substrate is frequency used because the crytal mismatch between ZnO and the 

substrate is less than 0.08% at room temperature (Hamada et al., 2009). Silicon (Si) is 

a one of candidate, however the lattice mismatching between ZnO and Si made the 

prepared ZnO growth in random orientation (Lee et al., 2003, Jeong and lee, 2010). The 

positions and the size of ZnO nanorod are controlled by the size of the metal catalyst. 

The matel catalyst is normally evaporated on the substrate and then heated at the 
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eutectic temperature, the melting temperature of alloy, to form alloy droplets. The 

quantity of the droplet and the diameter of the droplet affect the density and the diameter 

of the ZnO nanorod, respectively. Gold (Ag) is frequency used in the field because the 

eutectic temperature of alloy Ag/Si is low around 370oC (Nakashima et al., 1975). The 

position the droplet was controlled by the lithographical techniques.  The diameter of 

ZnO nanorod is determined by the thickness of the gold thin film. If the thickness of 

the thin film is decreased, the diameter of nanorods was reduced (Yang et al., 2002).  

  MOCVD is a chemical vapor deposition method of epitaxial growth of 

materials, especially compound semiconductors. The principle of operation is the 

transportation of precursor molecules via a gas carrier into a heated substrate or surface 

chemical reactor. The advantages of the MOCVD over the VLS is the lower operating 

temperature and the independent of metal catalyst (Huang et al., 2001). Well-aligned 

ZnO nanowires was perfectly growth on Si substrate by the method (Zeng et al. 2005).   

  Synthesized ZnO nanorod via chemical route bases on precipitating of 

zinc and alkaline soft. Precursors, solvents, stabilizing agents, temperature, and reaction 

time affect the size and the shape of prepared nanostructures. In 2003, Liu et al. used 

Zn(NO3)2.6H2O as a precursor and NaOH as a precipitating agent. After that, the 

solution was loaded into the autoclave, nanorods with 45.6 nm of diameter and 1.54 μm 

of length were obtained.  In 2005, Wu et al.used ZnCl2 as a precursor and controlled 

the pH of the solution with an addition of the NH3. The obtained samples are 60-100 

nm in diameter and 500-600 nm in length. The hexagonal structure was synthesized by 

using 4 mM Zn(CH3COO)2.2H2O and 20 mM NaOH as precursors. The flower like 

structure was obtained after stirred at 75 oC for 30 min (Kumra et al. 2013). Branch 

rod-like obtained from 0.2 M Zn(CH3COO)2.2H2O and 1.6 M NaOH at 70 oC for 3 h 

(Suwanboon et al. 2010). Changing of NaOH to hexamethylenetetramine (HMTA) 

affected the shape of the ZnO from branch rod-like to columnar hexagonal (Suwanboon 

et al. 2010).   

Even though the VLS and MOCVD methods successfully fabricate ZnO 

one-dimension. The operating temperature is limited the fabrication only on the high 

melting temperature substrates. Chemical route bases on coprecipitation of cation and 

anion solution becomes the main method for energy harvesting application. This 

technique can be prepared not only free-standing nanostructures but also nanorods 
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vertical aligned on the flexible substrates (Zhou et al., 2010) because the operating 

temperature by the method is around melting temperature of the water. This chapter, 

growth mechanism, preparation of ZnO nanorods, and surface modification by 

chemical route will be discuss.  

 

3.2 Theory of crystal growth and surface interaction 

 

3.2.1 Nucleation 

  Nucleation is the rearrangement of atoms or molecules as a cluster or 

nucleus, that can growth irreversibly to a macroscopically larger size. The process can 

be either homogeneous or heterogeneous depended upon residual foreign particles in 

the solution. 

 

- Supersaturation 

  Nucleation and growth processes to form as the macroscopic particles 

need the driving force to drive the processes. The supersaturation state is required. The 

situation is defined by the different of chemical potential of a molecule in the solution 

and that in the bulk of crystal phase. From thermodynamic of the chemical potential, 

 

 ∆𝜇 = 𝑘𝑇 ln 𝑆 (3.1) 

 

where k is the Boltzmann constant, T is the absolute temperature, and S is the 

supersaturation ratio that is a ratio between actual and equilibrium activities of 

molecules in the crystal. The situation is said to be supersaturation if the difference is 

positive. In the opposite, the dissolution case takes place when the difference is 

negative.  

 

- Gibbs free for the nucleation process 

  Assuming, the shape of the interesting nucleus is a spherical shape. The 

work necessary to form the cluster of molecules is the difference between the free 

energy of its final and initial state and the spend energy for the interface between 

nucleus.  The Gibbs free for the nucleation process is shown as following: 
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∆𝐺𝑇 = −

4

3
𝜋
𝑟3

𝑉
∆𝜇 + 4𝜋𝑟2𝜎 

(3.2) 

 

where σ is the surface free energy. By derivative operation with respect to cluster radius 

and replacing the difference of chemical potential of equation 3.1, the critical radius or 

nucleus size thus becomes: 

 

 
𝑟∗ =

2𝜎𝑉

𝑘𝑇 ln 𝑆
 

(3.3) 

 

  The equation 3.3 shows the relation between the nucleus size and the 

supersaturation state.  

 

3.2.2 Crystal growth 

  Growth mechanism is the second state of nanoparticle forming that 

occurs when the atom or molecule concentration falls below the critical supersaturation 

level.  At the beginning of this state, the system is dominated by very small particles 

that the state is not in thermodynamic equilibrium.  The smaller particles are dissolved 

as a source for growth of bigger particles that is the key for growth of nanocrystals. The 

particles is grown by the sequence of atoms or molecules diffusion towards the surface 

followed by reaction of the atoms or molecules at the surface of the nanocrystal. 

Coarsening effects, controlled either by mass transport or diffusion, are often termed 

the Ostwald ripening process, was announced in 1900 (Ostwald 1901).  This diffusion 

limited Ostwald ripening process is the most predominant growth mechanism and was 

first determined by Lifshitz and Slyozov, followed by a related work by Wagner, known 

as the LSW theory (Lifshitz and Slyozov 1959; Lifshitz and Slyozov 1961; Wagner 

1961). 

  Assuming the average radius of particles is r.  the bulk liquid phase is 

considered to be supersaturated with atoms or molecules concentration cb, the 

concentration at particle interface is ci, and the solubility of the particle is cr. the flux of 

atoms or molecules passing through a spherical surface with radius x ( with respect to 

the center of the spherical) within the diffusion layer is given by Fick’s first law: 
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𝐽 = 4𝜋𝑥2𝐷

𝑑𝐶

𝑑𝑥
 (3.4) 

 

  By integration over space, assuming that 
𝑑𝑟

𝑑𝑡
=

𝐽𝑉𝑚

4𝜋𝑟2
, and using the Gibbs-

Thompson equation the equation thus become: 

 
𝑑𝑟

𝑑𝑡
=

2𝜎𝑉𝑚
2𝑐∞

𝑅𝑇(
1
𝐷 +

1
𝑘𝑑𝑟

)

(
1
𝑟𝑏
−
1
𝑟)

𝑟
 (3.5) 

 

where σ is interfacial energy, c∞ is the concentration of a flat particle, Vm is the molar 

volume, R is the universal gas constant, δ is the thickness of the diffusion layer, kdis the 

rate constant of a simple first order deposition reaction, and D is the diffusion 

coefficient. 

  By the diffusion limited, was determined by LSW theory, the diffusion 

is the slowest in the growth characterized (D << kdr) and the ratio r/rb is constant. The 

integration of equation 3.5 can be reshown as a form: 

 

 𝑟3 − 𝑟0
3 = 𝐾𝑡 

𝐾 =
8𝜎𝐷𝑉𝑚

2𝑐∞

9𝑅𝑇
 

(3.6) 

where r0 is the average radius of the particle at the starting time or another word nuclei 

radius. The equation 3.6 is extensively used to describe growth mechanism of the 

nanoparticle, However, the equation is used just for spherical particles in supersaturate 

medium and the processes of nucleation is assumed to be finished before starting the 

growth mechanism process and the effect of aggregation is negligible.     

  

3.2.3 Orientated Attachment 

  In 1998, Penn and Banfield discovered an important crystal growth 

mechanism named “oriented attachment” (OA). OA is extensively used to describe 1-

d nanoparticle almost (Penn and Banfield 1998).  Mechanism of OA is attachment of 

two domains at least. When attachment is occurred, the domains tent to reoriented itself 
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to match with each other resulted to the irregular shape.  The conclusion of the 

mechanism is shown in figure 3.1. 

 

 

 

 

 

Figure 3.1. The sketch of mechanism process of OA. 

 

3.2.4 Surface interaction between ZnO and ions molecule 

Surface modification is a process to add some functional or to match the 

nanoparticle to the target application environment.  The process is found in many 

applications, for example, drug transfer, surface wetting control, colloid stability, etc. 

The main criteria must be considered for the process is the interaction between 

nanoparticle surface and interested atoms or molecules.  The interaction can be either 

quantum initial for example covalent bond, or electrostatic initial. Each interaction has 

different range of the force field.  Covalent bonding is sharing of orbitals of different 

atom, the force field in this case is very short range. The length of bonding is very short, 

in scale of angstrom.  Interaction between fixed charges on a particle with ions in a 

media can be consider as an electrostatic force of points charge. The energy interaction 

is depended on reverse of the distance between the charges.  When compared with the 

covalent force, the length of the force is longer, but the strength of the interaction is 

lower.  

The dipole moment can interaction either ionized atom of the polar 

molecule, but the strength of the interaction is different, invert of the distant square and 

cubic respectively that shorter range than charge-charge interaction. Van der wal force 

is another one of interaction can occur at the surface.  But the strength of the force is 
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quietly small magnitude when compared with above. The conclusion of the interaction 

force field is in the table 3.1. 

Table 3.1 Conclusion of pair interaction of atoms, or molecules (Isaelachvili, 1984). 

 

 

ZnO the permanent polarization that is initially from Zn and O.  The 

surface of ZnO is shared by several functional groups when immersed in media for 

example water. The surface can be either positive or negative form depended upon the 

pH value of the media as shown in the figure 3. 1.  The positive zone of the surface of 

ZnO is covered the range of pH 6 to 8.  This regime, the surface is dominated by 
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Zn(OH)+. At the pH 10, the surface is formed a neutral form resulted to isolation point. 

At the zone of high, the media is rich with the hydroxyl group resulted to the 

combination of the group to the surface affect the negative charge is formed.    

 

 

Figure 3.2. The relation between pH value and surface functional groups of ZnO 

(modified form Degen and Kosec, 2000). 

 

The appearance of the surface of the ZnO nanoparticle when it is 

immersed in water affect the adsorption of counterion ions to the surface via 

electrostatic coulomb’s force, the regime so-called Stern or Helmholtz layer. The layer 

locates next to the Stern layer is a diffusion layer or an electric double layer.  The co-

ions can interact with the Stern layer but the interaction is not strong, ions are not bound. 

This layer can be used to determine the surface charge which the method to measure is 

discussion next.  

The particles or molecules can be used to interact with the surface of 

ZnO can be either electrolyte or polar molecule.  However, to make the interaction 
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strength, it would be better to choose the charged particle or molecules because the 

force field of ion-ion is stronger than ion-dipole.    

 

3.3 Materials and Methods 

  3.3.1 ZnO bush microrods fabrication 

  ZnO was synthesized accordingly Suwanboon method (Suwamboon 

et.al., 2010). Zn(CH3COO)2.2H2O (Sigma Aldrich) and NaOH (Merck) were used as 

precursors and CTAB (Sigma Aldrich) was used as a stabilizer. The step of preparation 

was started with mixed the dissolve NaOH in deionizing water (DI water) with CTAB 

powder. Next step, the dissolved Zn(CH3COO)2.2H2O was slowly added into the first 

solution and then continuously stirred at 70 oC for several hours. After that, the solution 

was cooled at room temperature and filled by the filter paper No. 42 (Whatman). The 

obtained white powder was rinsed several times by DI water and ethanol, respectively. 

The powder was contained in an alumina crucible and calcined at 600 oC in a furnace 

for 1 h in order to remove any organic residual. 

   

  3.3.2 ZnO nanorod fabrication 

  ZnO was reduced the size into the nanoscale by changing the solvent 

form DI water to alcohol. The precursors the same as the ZnO bush microrods were 

dissolved in alcohol and mixed at 60oC. The reaction was kept over than 3 h to make 

sure that nanorods were formed. After that, the obtained solution was cooled at room 

temperature and let the precipitate set down to the bottom of the solution and rinsed the 

precipitate several times by alcohol.   

   

  3.3.3 ZnO vertical aligned nanorod fabrication 

  Fabrication of vertical aligned ZnO nanorods on a substrate was adapted 

from Green et al. method (Green et al. 2003). Quasi-colloid nanoparticles ZnO ~5 nm 

were prepared by mixing of Zn(CH3COO)2.2H2O and KOH in methanol at 60oC for 2 

h. The solution was spun on the cleaned substrate by calibrated home make spin-coater. 

The coated substrate was annealed at 400oC to get the homogeneous film. After that, 

the substrate was immersed in the mixture of Zn(NO3)2.6H2O (Sigma Aldrich) and 
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hexamethylenetetramine, HMTA (Sigma Aldrich) in DI water at 90oC for several times. 

The obtained film was rinsed and ultrasonic to clean the residual particle.  

 

3.3.4 ZnO microrod fabrication 

  The process of synthesized ZnO microrod was adapted from ZnO 

vertical aligned nanorod fabrication. The difference was the nanoparticle were dropped 

in the growth solution directly.  

 

  3.3.5 Coating ZnO nanorods by polyelectrolyte 

  Polyelectrolytes polydiallyldimethylammonium chloride ( PDDA) 

(100,000-200,000 Mw, Sigma Aldirch) and poly(styrenesulfonate) (PSS)(70,000 Mw, 

Sigma Aldrich) were used as a polycationic and polyanionic, The chemical structure of 

each polyelectrolytes is shown in figure 3.3.  

 

Figure 3.3 Molecular structures of polyelectrolytes PDDA and PSS. 

  

The pH of ZnO quasi- colloidal was adjusted to 10. 5 pH to maximize 

surface charge which covered with Zn( OH) 3-  specie.  The solution was mixed with 

PDDA solution with ratio 1: 1 and kept at room temperature for 2 h.  The mixture was 

centrifuged to get coated ZnO and immersed again in deionizing solution.  PSS was 

coated to the coated PDDA ZnO by the same process.   
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  3.3.6 Characterization 

The crystal structure and texture of the nanostructures were examined 

by X-ray diffraction (XRD) technique (Philips X-Pert diffractometer, monochromatic 

Cu Kα). The patterns were recorded at a scan rate of 3º per min from 20° to 60° for 

phase and texture analyses. 

Scanning electron microscope (SEM) was performed using an 

SEM5800 instrument (JEOL Ltd., Japan) for micro-texture investigation. The samples 

were prepared for the observation by application of gold plasma sputtering (SPIsupply, 

USA). The conductive layer was done at 0.1 mbar under N2 atmosphere with driven 

current 10 mA for 2 min. Transmission electron microscope (TEM) JEOL JEM-

2010(JEOL Ltd., Japan) was employed for nano-investigation. The formvar-coated 

copper grid was used as a substrate for the observation 

The surface roughness was characterized by atomic force microscope 

(AFM) Nanosurf easyscan2 (Nanosurf, Switzerland). The aluminum-coated stiff silicon 

cantilever (190 kHz ACL-A, AppNano, USA) was performed the surface scanning. 

Lambda 35 (Perkin Elmer, UK) was used to perform the absorption spectrum from the tested 

solution. A quartz cuvette was using as a solution containing for ultraviolet range 

observation. 

  Zeta potential (ZetaPALS, Brookhaven, USA) was used to determine 

the charges at the particles or molecules and can be used to predict the stability of the 

colloid state.  The conventional instrument for measuring the potential based on the 

application of electrophoresis motion and laser dropper velocimetry ( LDV) .  The 

solution was loaded into a 12. 5 x 12. 5 mm cross-section plastic cuvette with AQ 792 

electrode. 
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3.4Results and discussion 

  3.4.1 ZnO crystal growth  

 

 

 

Figure 3.4 The XRD pattern of ZnO prepared by using 0.02 mole Zn(CH3COO)2.2H2O 

with a) NaOH and b) KOH at 0.04, 0,08 and 0.16 mole. 

 

  The effect of alkaline salt was evaluated by using XRD that was shown 

in figure 3.4. ZnO prepared from both NaOH and KOH shown XRD peak at 31.82, 

34.54, 36.42, 47.59, 56.71, 62.92, 66.47, 68.10, and 69.22 that were related to the (100), 

(002), (101), (102), (110), (103), (200), (112), and (201) ZnO crystalline planes. 

However, the ratio of the intensity at the (100) and (002) peaks was different as shown 

a 

b 
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in the table 3.2. Higher value indicated wurtzite structure while the low value meant the 

mixing of wurtzite and zinc blend structure. The ratio was nearly to 1 for NaOH at low 

concentration. The increasing of NaOH concentration to 0.16 M affected the increasing 

of the ratio to 1.12. However, the ratio was constant at 1.30 for ZnO prepared by using 

KOH. This because the size of the Na ion is lower than O atom that resulted the 

penetration of Na ion into the crystal. This effect could not be occurred in the case of 

K ion because the size is bigger. From the reason, KOH was preferred for ZnO 

fabrication (Deminets et al. 2002). 

 

Table 3.2. The ratio of the maximum intensity at plane (100) by (002) in each condition. 

Concentration 0.04M 0.08M 0.16M 

NaOH ((100)/(002)) 1.0459 1.0901 1.1162 

KOH((100)/(002)) 1.3066 1.3039 1.3002 

 

 

 

Figure 3.5 SEM images of ZnO a) without CTAB b) with CTAB. 

 

Figure 3.5 shown ZnO branch rods prepared by using 

Zn(CH3COO)2.2H2O and KOH with. Figure 3.5a shown ZnO branch rods with average 

diameter 305 ± 41 nm. The formation of ZnO in one-dimension form by this technique 

was occurred at strong basic solution as following:  

 

a b 



40 

 

 Zn2+ + 2OH-
   Zn(OH)2  

 Zn(OH)2 + 2OH-
   [Zn(OH)4]

2-  

 [Zn(OH)4]
2-
   ZnO2

2- + 2H2O  

 ZnO2
2- + H2O    ZnO + 2OH-  

 ZnO + OH-
   ZnOOH-  

After this process, nuclides were obtained. For the growth step, each 

plane have different growth rate. (0001̅) plane had the lowest growth rate that result to 

the longest time to reach the equilibrium condition that resulted to the growth of ZnO 

in c-axis. The growth rate of each plane can be tuned by application of stabilizer. CTAB 

is cationic that is in a form CTA+ when immerses in water. The cationic is adsorbed by 

ZnO nuclei. The surface is then dominated by the negative species. The decreasing of 

the surface energy resulted to decrease the driving force for particle (Suwanboon, et.al. 

2010). Figure 3.5b SEM image of ZnO with application of CTAB. The diameter and 

the length of the branch rods was dramatically reduced to 65% from the condition 

without CTAB. 

The physical property of the solvent was affected the rate of formation. 

This phenomenon was observed study kinetic growth rate of ZnO in different kind of 

alcohol (Sultana et.al.2008). The growth rate was very low in the case of low carbon 

backbone and the rate was increased by using high carbon backbone alcohol. 

 

Figure 3.7 Absorption spectra during growth process of the ZnO prepared by using 

Zn(CH3COO)2.2H2O and KOH as precursors in methanol solution.  
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The growth mechanism in alcohol was observed by monitoring the 

absorption spectra as shown in figure 3.7. The red shift was found when the interaction 

time was increased, particularly at the first 3 h. This indicated that the size of ZnO was 

expanded corresponding to the increasing of reaction time This phenomenon was 

described as following equation: 
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 3.9 

 

where the first term on the right-hand side represents for an energy gap 

in bulk form while the second term is a quantum energy of localization, increasing as r-

2 for both electron and hole. The third and fourth terms are the Coulomb attraction and 

the solvation energy loss.  The effective energy bandgap is sensitively to the particle 

radius in nanoscale. However, the energy band gap become the energy gap in the bulk 

form when the radius is higher than 20 nm. 

 

Figure 3.8 TEM image of ZnO prepared by using methanol as the solvent with reaction 

time a) 3 h and b) 3 days (edited from Phooplub and Muensit 2018) and c) is a sketch 

of mechanism from nanoparticles to nanorods. 
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The figure 3.8 shown ZnO nanostructures that were prepared by using 

methanol as a solvent, the images were derived from TEM at 200 keV. ZnO 

nanoparticles was obtained at the beginning stage as seen in figure 3.8a. After the 

reaction time was left for 3 days, the nanoparticles become nanorods with 11.20 ± 2.63 

nm in diameter and 62.99 ± 18.53 μm in length. Figure 3.8c is the formation mechanism 

from nanoparticles to nanorods according OA. 

Chemical route can be applied to prepare vertical aligned nanorods on 

the substrate by spin coating nanoparticle on the substrate ( Greene, et al. 2003. The 

reaction between 0.01 M Zn(CH3COO)2.2H2O and 0.03 M NaOH in methanol was 

stopped at 2 h. Nanoparticles with 5 nm diameter were obtained. The nanoparticles 

were spun on the substrate at 3000 rpm several times. The spun substrate was preheated 

at 100oC and postheated at 400oC as preferred by Baruah and Dutta (Baruah and Dutta 

2009). After that the substrate was immerged in the growth solution at 90oC to obtained 

vertical aligned ZnO nanorods as shown in figure 3.9. Low magnification of SEM 

(figure 3.9a) confirmed that the substrate was covered by average diameter 250±50 nm 

of ZnO nanorods with 5.95 rods/μm2.  

 

 

Figure 3.9. SEM image of a) low magnification and b) high magnification of vertical 

aligned ZnO nanorods on silicon wafer.  

ZnO in microscale was also prepared by meant of the OA. freestanding 

micro scale by dropping the nanoparticle direct to the growth solution. The expansion 

was depended on the reaction time. 

a b 
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Freestanding ZnO microrod was prepared by adaptation of the vertically 

aligned method.  The seed solution was carried into the growth solution.  After that the 

microrods were obtained as shown in figure 3.10. 

 

Figure 3.10 SEM image of ZnO microrods. 

  3.4.2 Surface modification by polyelectrolytes   

 

Figure 3.11. Zeta potential of ZnO in at different pH value. 
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  The zeta potential at different pH was shown in figure 3.11. Higher value 

meant the higher fixed charge at the surface of the nanoparticles. Amount of 24 mV 

was found in the pH range 10 to 11.5.  ZnO nanoparticles were dissolved when the pH 

value was reached to 12.5. The isolation point was found nearly to pH 7.5.  

  The nanorods were coated by PDDA at pH 10 to maximize the surface 

charge by mixing at 1:1 ratio.  After the process, the coated nanorods were filled and 

immerged in the pH 7 buffer. The Zeta potential of coated nanorods were still positive 

value. This meant the surface of the nanorods were capped by PDDA completely. The 

coated nanorods and negative charge polyelectrolyte PSS were mixed by 1:1 ratio to 

switch the surface charge of nanorods. The result of the coated of nanorods was shown 

in figure 3.12. 

 

Figure 3.12. Zeta potential coated ZnO nanorods. 

  Figure 3.12 shown Zeta potential of coated ZnO nanorods. The resulted 

shown that the surface charge of ZnO nanorods were switch to positive of negative 

charge by coating with positive or negative polyelectrolyte. To confirm the existence 

of the coated layer, the nanorods was visualized by using UV-Visible and TEM.    
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Figure 3.13 a) absorption spectra of ZnO, PDDA and PSS, b) absorption spectrum of 

coated nanorod c) and d) TEM image of 1 layer and 2 layers of PSS/PDDA coated 

ZnO, respectively.  

  Figure 3.13a shown absorption spectra of ZnO nanorods, PDDA and 

PSS. The absorption peak was observed at 370, 231 and 225 nm for ZnO nanorods, 

PDDA and PSS, respectively.  Figure 3.13b was the absorption spectrum of the coated 

nanorods. The result shown the two absorption peaks at 226 and 368 nm. The first peak 

was combination of PDDA and PSS and the second peak were form the nanorods.  

  Figure 3.13c and 3.13d shown the coated layer on nanorods. The 

nanorods were completely covered by the polymers. The stability of ZnO nanorod and 

coated ZnO nanorods were test by tracking the absorption at 370 nm. The results were 

shown in figure 3.14.  

Polymer layer 

ZnO 

a 

b 

c d 
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Figure 3.14. Time dependent of normalized absorbance peak of ZnO and Coated ZnO 

nanorods.  

  The absorption at 370 nm of ZnO nanorods continuously decreased in 

DI water. This because the decreasing of the concentration of ZnO in the solution that 

resulted from the sediment of the ZnO. While the absorption of the coated ZnO 

nanorods was still stable after 1 h because the coating layer maintained the surface 

charge of ZnO nanorods at high level. This implied that the coating enhanced the 

colloidal stage of ZnO nanorods. 

 

3.5 Conclusion 

 Crystal growth of ZnO by chemical route was depended upon several 

parameters.  The shape and the size of ZnO could be controlled since the nucleation 

process.  Difference kind of participating agents and solvents affect the formation. 

NaOH affected the crystal structure because the size of Na ion is smaller than the O ion 

in ZnO crystal. This resulted to the penetration of Na ion in the crystal, while KOH did 

not affected the changing of ZnO crystal. The different growth rate of each crystal 

planes of ZnO cause the crystal growth to hexagonal structure.  
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The size of ZnO could be deduced by modifying the growth rate through 

the capping agent.  Electrostatic binding between ZnO and the capping agent resulted 

to the slower penetration of Zn and O ion to the ZnO nuclei. The polarity of the solution 

was another one factor for the growth of ZnO. The nanoparticles prepared in methanol 

shown very smaller size than in DI water.   

The charge at the surface of ZnO was depended on pH of the media. The 

maximum value was observed at pH 10. Application of polyelectrolyte could maintain 

the charge of the ZnO to maximize at pH 7.0. In addition, the appearance of 

polyelectrolyte enhanced the colloid stability to the ZnO in DI water.  
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CHAPTER 4 

ATOMIC FORCE MICROSCOPY: AN APPLICATION FOR 

NANOSTRUCTURE CHARACTERIZATION 

 

  This chapter involves the applications of Atomic Force Microcopy 

(AFM) to probe physical properties of nanostructure materials. The measurement 

includes topography, nanoscale force and piezoelectric parameters which are useful in 

energy harvesting. 

 

4.1 Introduction 

  Surface properties, for example, adhesion, bonding, surface 

contamination, corrosion, surface morphology, surface roughness, surface topography, 

failure analysis, process monitoring, surface chemistry, biological characterization, 

physical properties, are importance to answer research questions. The properties are 

useful for material processing. Many instruments and modification techniques have 

been developed. 

AFM is one of popular technique for surface characterization. The 

instrument suits for investigation in nanoscale. The principle of AFM is the position of 

the microcantilever with a sharp tip onto the interested sample. The interaction between 

the tip and the sample is evaluated through the changing of cantilever properties. The 

invention was revealed in the early 1980s in term of scanning probe microscope (SPM). 

The first instrument was developed by G. Binnig and H. Rohrer. The method acquired 

the texture of the surface sample from the current due to the tunneling effect.  However, 

the conductivity of the sample and the cantilever was required. 

AFM was developed to overcome the limitation in 1986 by Binning, 

Quate and Gerber. Even through, the lateral resolution was around 1 nm that was 

limited by the sharp of the tip, the conductivity independent let the technique operate 

on various kind of materials.  The located of the cantilever tip onto the sample not only 

gives the topography information but also gives other physical properties, for example, 

electrical, magnetic, mechanical, and so on. Comparison to other famous imaging 
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techniques, AFM provides high contrast in vertical and more information of physical 

properties, while SEM and TEM give only 2D image with chemical composition. In 

addition, vacuum environment is required for the last two techniques.  Nowadays, a lot 

of measurement modes have been added into the commercial AFM instrument.  

This chapter focuses on the surface topography imaging, force distance 

curve microscope, and piezoelectric force microscope (PFM) that frequency use in the 

energy harvesting field. 

 

4.2 Atomic force microscopy 

AFM consists of 4 parts: cantilever, detector, piezoelectric scanner and 

controller which work together to obtain the topography image. The basic AFM 

operation is started by approaching the cantilever, microcantilever with the sharp tip at 

the end, onto the sample until the cantilever is bent. After that, the cantilever is moved 

around the surface sample by piezoelectric scanner. During the operation, the surface 

roughness is recorded from the moving of the cantilever. The bending of the cantilever 

is the feedback signal to indicate the changing of surface height by application of a laser 

diode projected on the cantilever. The laser beam from the laser diode is focused onto 

the cantilever and reflected into the photodetector. All parts are controlled by the 

controller.  

The topography images can be obtained from two modes that are static 

and dynamic modes. In the static mode, the bending of the cantilever is kept constant 

along the scanning. When the cantilever is bent more than the setting value, the 

cantilever is programmed to move out of the sample until the bending becomes the 

setting value. Whereas in the case of the bending of the cantilever is lower than the 

setting value, its movement will be opposite. In this mode the cantilever tip directly 

contacts to the sample, which can be applied both for soft and hard materials. In the 

dynamic mode, the cantilever is vibrated along the experiment. The changing of the 

magnitude of vibration is used instead of bending. This mode is suitable for soft 

materials because the mode is contactless. To obtain the image with high quality, each 

part of AFM must be considered. 
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- Cantilever 

 

 

Figure 4.1. The sketched image of a) AFM cantilever and b) the photograph of ACL 

model (adapted form Applied NanoStructures, Inc., USA). 

 

Cantilever is a fixed one end of constant cross-section area bar as shown 

in figure 4.1. Bending of the cantilever can be transverse, longitudinal or torsional 

mode. The transverse mode plays an important role in the AFM operation. The 

deformation of the cantilever in transverse mode is described by Euler–Bernoulli beam 

theory. 

 

 
𝜕2

𝜕𝑥2
(𝐸𝐼

𝜕2𝑤

𝜕𝑥2
) + 𝜌𝐴

𝜕2𝑤

𝜕𝑡2
= 𝑝  (4.1) 

   

where, E, I, A and ρ are the Young’s modulus, the second moment of the 

cross-sectional area, the cross-sectional area, and the density of the cantilever, 

respectively. The distributed force p is a cause of deformation in transverse direction 

w. In a case of free vibration, the distributed force disappeared. The equation 4.1 is a 

function of space and time. The solution is assumed as multiplication of space 

dependent X and time dependent Φ.  

For static mode, the deformation is time independent. The cross-section 

area is constant. The equation 4.1 is deduced as following: 
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𝐸𝐼
𝜕4𝑤

𝜕𝑥4
= 𝑝 

 (4.2) 

 

The equation of motion is obtained by determination the boundary 

condition of the cantilever. In the case of the external force is loaded at the free end, 

the equation of motion is shown as following: 

 

 
𝑤 =

𝐹𝑥2

6𝐸𝐼
(3𝑙 − 𝑥) 

 

(4.3a) 

 
𝐼 =

𝑏ℎ3

12
 

(4.3b) 

 

where l is the length of the cantilever. The maximum defection at the 

free is shown as following: 

 

 
𝛿𝑚𝑎𝑥 =

𝐹𝑙3

3𝐸𝐼
 

 (4.4) 

 

To evaluate the equation, the equation 4.4 is compared to Hook’s law 

equation. The spring constant k is obtained as following: 

 

 

 
𝑘𝑐 =

3𝐸𝐼

𝑙3
 

 (4.5) 

 

 The spring constant determines the elasticity of the cantilever.  The table 

4.1 is an example of the cantilevers that used in contact mode. 
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Table 4.1 List of contact cantilever from Applied NanoStructures, Inc. 

Code 

Name 

Spring 

Constant 

(N/m) 

Frequency 

(kHz) 

Length  

(µm) 

Width 

(µm) 

Thickness 

(µm) 

ROC 

(nm) 

SHOCON 0.10 28 225 43 1.0 6 

SICON 0.20 12 450 40 2.5 6 

 

  

Dynamic mode, the cantilever is vibrated at the frequency nearly the 

natural frequency of the cantilever. The frequency is determined by the eigenfrequency 

as following: 

  

 

𝜔 = 𝛼2√
𝐸𝐼

𝜌𝐴
  

 (4.6) 

 

where 𝛼 and 𝜔 is wavelength and the eigenfrequency of the cantilever. 

The first mode, that is the mode with the highest amplitude of vibration, is determine 

by 𝛼 = 1.875. Table 4.3 is a cantilever for the dynamic mode. 

 

Table 4.2 List of dynamic cantilevers from Applied NanoStructures, Inc. 

Code 

Name 

Spring 

Constant 

(N/m) 

Frequency 

(kHz) 

Length  

(µm) 

Width 

(µm) 

Thickness 

(µm) 

ROC 

(nm) 

ACCESS-

NC 

93 320 150 54 5.50 6 

ACL 58 190 225 40 7.8 6 

ACST 7.8 150 150 28 3 6 

ACT 37 300 125 4 30 6 
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Figure 4.2. Resonant frequency of ACL cantilever model. 

 

In the operation process, the cantilever is excited at the frequency with 

amount of 80% of amplitude of vibration of the resonance frequency. When the 

cantilever moves to the sample, the force exerts to the cantilever tip that affect shifting 

of the resonant frequency.   

 

- Detector 

There are several methods to measure the bending of the cantilever. 

Optical technique is found the most in conversional AFM. Laser from a laser diode is 

pointed to the free end of cantilever and reflected to a photodiode module. The 

photodiode module consists of two or four photodiodes. The bending of the cantilever 

is evaluated from the current level of each unit. Module of two photodiodes detects only 

out-of-plane deformation, while in-plane and out-of-plane are obtained for the four 

photodiodes. Figure 3 is the schematic of Nanosurf Easyscan2 AFM model.  
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Figure 4.3. Schematic of AFM model easyscan2 (Nanosurf, Switzerland) 

 

- Piezoelectric scanner 

 A high precision and resolution are required for AFM scanning to collect 

texture in nanoscale from the sample. Electromagnetic and piezoelectric scanner are 

candidate in the instrument. Low operation voltage and linear motion are the advantages 

of the electromagnetic scanner over the piezoelectric scanner. However, the speed of 

movement of the piezoelectric scanner make the scanner reaches to the setting position 

at shot time and high resolution. Some models combine the advantage of the two 

scanners, for example, FlexAFM of Nanosurf AG consists of electromagnetic scanner 

in xy-plane and piezoelectric scanner in z-direction.  
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-Controller 

 Controller is the module that control the system to image the physical 

properties of the sample. Feedback module is added to the controller to increase the 

precision of the system. the figure 4.4 is the feedback control that used in the Nanosurf 

easyscan2.  

 

 

Figure 4.4. PID loop gain for Z controller in Nanosurf easyscan2 (Nanosurf, 

Switzerland) 

 

A proportional–integral–derivative controller (PID) is used to control 

the moving of the cantilever by decision from the different of the control signal and the 

set value. The signal difference or error range is analyzed in term of the proportional, 

integral and derivative value from the set point. The feedback control then designs the 

command to the moving of the cantilever until the control signal equal to the set point.  

In dynamic operation, the amplitude of vibration is used as the feedback 

signal. In the case of 50 % amplitude of vibration is set. The amplitude of vibration is 

kept along the scanning. When the amplitude of vibration is increased. This meant the 

cantilever is far from the sample. The PID control commands the cantilever to move to 

the sample until the amplitude of vibration come to the 50 %. 
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- Topography imaging 

 

Figure 4.5. The graphic user interface (GUI) of Nanosurf easyscan 2. 

 

Figure 4.5 is the GUI of the Nanosurf easyscan 2 for topography 

imaging. The GUI consists of 3 parts, cantilever controller, imaging controller setting 

and charges recorder from the scanning. In this thesis, the dynamic operation was 

elected because the tip and the sample did not directly contact, this resulted to less 

damage of the tip and the sample during the scanning. The high-quality imaging was 

obtained under optimal condition. Surface roughness of the smooth surface, 

particularly, glass slide or silicon wafer, were in a range of nanoscale. Higher amplitude 

of vibration could not detect the changing of the level in the scale. In this case, smaller 

as possible was preferred. In contradiction, amplitude of vibration should be enough to 

detect the changing of the level for the sample with high surface roughness that suited 

for higher amplitude of vibration.  

The PID loop gain was related to the speed to set the cantilever to reach 

the initial state. In the case of the amplitude of the cantilever was set at the 50%. During 

the scan, if the cantilever was far away from the sample, the amplitude of vibration was 
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increased. The different signal of the amplitude of vibration was feed to the feedback 

loop to make the decision to move the cantilever until the amplitude of vibration 

become the initial state. The higher loop gain corresponded to the faster moving in Z-

direction. However, noises were also amplified. The optimal condition that was the 

maximum loop gain with maximum signal to noise ratio was recommended. Figure 4.6 

was the topography image of ZnO nanorod vertical aligned on glass slide obtained 

under 10000 p-gain and 1000 i-gain with 2 s line scan.  

 

 

Figure 4.6. Topography image of ZnO nanorods vertical on glass slide. 

 

4.3 Force displacement curve spectroscopy 

  Force distance curve is the probing tool for surface characterization 

bases on recording the force corresponding to the loading and unloading of the metallic 

tip onto the sample surface. The technique not only determines the interaction between 

them but also reveals the viscosity, lubrication thickness, and local variations in the 

elastic properties of the sample. The high resolution can be obtained by using the AFM 

based instrument. 

 The curve consists of three parts, the zero line, the non-contact region, 

and the contact region (Cappella and Dietler, 1999). The zero line is the state that the 

tip is far away from the surface sample. There is no interaction force that resulted to the 

zero value of cantilever deflection. The interaction force is overcome when the metallic 
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tip is closely to the surface sample. The interaction was described by the Lennard Jones 

interaction. When the attractive force is dominated, the tip suddenly moves to the 

sample surface. This phenomenon calls the jump-to-contact distance that occurred by 

the adhesion force.  

After the region, the bending of the cantilever is dominated the repulsive force between 

the tip and the sample. The rate of bending is depended on the mechanical properties 

of the cantilever and the surface sample. The force that is exerted this regime is shown 

as following:   

 

 𝐹 = −𝑘𝑐𝛿𝑐 4.7 

  

 where δc and F are the cantilever defection and the tip-sample force 

respectively. However, the curve obtained from the method is not the force-distance 

curve but the force displacement curve. The distance D is derived from the subtraction 

of the piezo scanner Z by the cantilever defection  

 

 𝐷 = 𝑍 − 𝛿𝑐 4.8 

 

 

Figure 4.7. The force distance curve. 
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 The slope of this regime is depended on the young’s modulus of the 

materials. The higher slope indicates the higher of young’s modulus. To evaluate the 

property, unloading curve is used because the curve is independent from plastic 

deformation. Young’s modulus of the sample is calculated by using Hertz’s contact 

mechanics theory. The tip apex was assumed to be a half sphere and the adhesion force 

between the contact area was neglected. The contact radius (a) according to the theory 

was given as following: 

 
𝑎𝐻𝑒𝑟𝑡𝑧 = (

𝑅𝐹

𝐾
)
1/3

 4.9 

 

where R were the tip radius and K was the reduced elastic modulus given by 

 

 1

𝐾
=
3

4
(
1 − 𝜐𝑖

2

𝐸𝑖
+
1 − 𝜐𝑠

2

𝐸𝑠
) 4.10 

 

E and 𝜐 in (2) were Young’s modulus and Poisson’s ratio, respectively. Subscript i and 

s were the indenter and sample, respectively.  Generally, the cantilever tip was made of 

silicon wafer that resulted to the young’s modulus of the tip was greater than young’s 

modulus of the sample. The reduced modulus could be approximated in the form 

 

 

 1

𝐾
=
3

4
(
1 − 𝜐𝑠

2

𝐸𝑠
) 4.11 

 

For very small indentations, the contact radius was rewritten by √𝑅𝐷. 

 

4.4 Application of force displacement curve in energy harvesting 

Scaffolds play an important role in tissue engineering. The scaffolds 

serve as a temporary template for cell interaction and transformation. The chemical and 

physical properties of the scaffold are necessary to match to the cell pathway or tissue 

environment. Several kinds of materials have been elected for the application, for 

example, biomaterials, synthesized polymers and ceramics. Collagen was discussed in 
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osteogenesis because it was around 95% in bone matrix. In addition, collagen along 

with water were substantial constituents of skin, tendon, ligament, cornea, and cartilage 

(Marks and Odgren 2002) 

Collagen have been discussing not only basement scaffold but also as 

the binder of non-biomaterials and cells. A unit collagen is triple helix of two identical 

chains and difference one. Each chain is motif of (Gly-X-Y)n chains, where n is 337-

343. Collagen molecules bond each other by hydroxyl group at the terminal. Collagen 

was reinforced to a lot of materials to enable multifunction to the scaffold. Metal and 

metal oxide are considered for antibacterial function (Sawei et al., 1995). The surface 

is able to generate hydrogen peroxide when is immersed in the aqueous solution. 

ZnO was found to be improved antibacterial function to scaffold. 

Amount of 10 μg/ml inhibited the growth of S aureus and E coli (Emami-Karvani and 

Chehrazi 2011). The activity was depended on the shape and the size of the ZnO. 

Nanoparticle and nanorod of ZnO shows E coli inhibition growth at 10 mM while 7 

times concentration were required in the powder form (Tam et al. 2008). In addition, 

ZnO in scaffold effect directly to the mechanical (Phooplub et al. 2018). 

  The effect of concentration of ZnO in collagen film was tested by using 

force distance curve. Each of reinforce ZnO collagent film was tested a hundred time 

by AFM (Nanosurf Easyscan2, Nanosurf) based instrument with ACL-A (AppNano, 

USA) cantilever tip. The development of young’s modulus by application of ZnO was 

reported. Content of ZnO nanorods were affected the young’s modulus of the collagen 

by increasing from 9 to 16 GPa. In addition, the denature temperature of collagen was 

shift to higher temperature this resulted the Young’s  modulus the reinforced collagen 

film was independently to the temperature around room temperature to 37 oC (Phooplub 

et al. 2018). 

 

4.5 Piezoresponse Force Microscopy (PFM) 

  PFM bases on contact mode of AFM. The AFM cantilever is biased by 

sinusoidal wave to activate the piezoelectric effect of piezoelectric materials. The 

piezoelectric signal was traced from the deflection of the cantilever by lock-in 

amplifier. The conductive cantilever tip is used in order to neglect the effect of oxide 
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layer forming (Morita, et. al., 1990). The schematic of the PFM is summarized in figure 

4.8.  

 

Figure. 4.8. Schematic diagram the piezoelectric force microscopy. 

   Because the topography and PFM image are simultaneously measured. 

The bias AC voltage to activate the piezoelectric effect must be higher than the 

topography signal. The range of 10 to 100 kHz are used. However, this range can be 

perturbed by the natural frequency of the cantilever, for example, SICON cantilever 

model in the table 4.2. The magnitude of the AC voltage is a one parameter to tune the 

contrast of the PFM image. Piezoelectric is linearly relation between mechanical and 

electrical properties. Increasing the magnitude of vibration results to the increasing of 

the piezoelectric vibration. The condition of frequency selection should be far always 

from texture of the tested surface to neglect combination of topography signal in PFM 

image.  However, the PFM signal is depended on the piezoelectric coefficient of the 

materials. Sometime, Amount of 10 V AC is required for the low piezoelectric 

coefficient materials (Fortunato et al. 2018). The thickness of the sample is a one 

parameter that can reduced the excitation voltage. A few electrical potentials can 

produce up to 1 MV/m electric field for very thin sample.    

  The deflection of the cantilever, that consists of topography signal and 

piezoelectric, is analyzed by using lock-in amplifier. The signal is multiplied by the 

referent signal that is the AC signal for piezoelectric activation. The DC product term, 

that is the piezoelectric signal, is collected by application of lowpass filter.  
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The PFM measurement consist of two kinds of force fields involved in 

the observation; electrostatic and electromagnetic regimes that was analyzed by Kalinin 

and Bonnell (Kalinin and Bonnell, 2002) . Electrostatic regime in imaging is resulted 

from capacitive and coulombic tip-surface interaction as following: 

 
𝐹𝑐𝑎𝑝 =

1

2
(𝑉𝑡𝑖𝑝 − 𝑉𝑙𝑜𝑐)

2
𝑑𝐶𝑙𝑜𝑐
𝑑𝑧

+
1

2
(𝑉𝑡𝑖𝑝 − 𝑉𝑠)

2
𝑑𝐶𝑛𝑙
𝑑𝑧′

 (4.12) 

 

where, 𝑉𝑡𝑖𝑝 is the applied voltage at the cantilever tip, 𝑉𝑙𝑜𝑐 is the domain-

related local potential directly below the tip, 𝑉𝑠 is the surface potential averaged over 

the distance comparable to the cantilever length, 𝐶𝑙𝑜𝑐 is the local part of tip- surface 

capacitance, and 𝐶𝑛𝑙 is the non-local part due to the cantilever.  The first term is the 

resultant force occurred by charge accumulation at the tip and the location of the 

domain below the tip. The last term is indicated the capacitance between the cantilever 

and the equivalent area of the test surface.  The force acts as a constant background on 

the image. The conductance is calculated by using plane-plane geometry as followning 

 𝑑𝐶𝑛𝑙
𝑑𝑧′

=
휀𝐴

𝑧′2
 (4.13) 

 

where, A is the effective cantilever area and z’ is the gap width (z + tip length). 𝐶𝑙𝑜𝑐is 

tip- surface capacitance can be analyzed by using the image charge method and 

assuming that the distance between the tip- sample is very small when compares with 

tip radius R. 𝐶𝑙𝑜𝑐 converges to the universal dielectric limit (Lebedev, et.al. 1966).  

 
𝐶𝑙𝑜𝑐 = 4𝜋휀0𝑅

휀𝑟 − 1

휀𝑟 + 1
𝑙𝑛 (

휀𝑟 + 1

2
) (4.14) 

   Coulombic tip- surface interaction due to polarization and charge 

screening can be expressed by 

 
𝐸𝑢 =

(1 − 𝛼)𝑃

휀0(1 + √휀𝑟𝑥휀𝑟𝑧)
 (4.15) 
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where, Eu  is electric field above a partially screened ferroelectric surface, P is 

spontaneous polarization, and α is the degree of screening.  

  Kalinin and Bonnell mentioned the three forces, local capacitive force 

Floc, non- local capacitive force Fnl, and Coulombic force FCoul, by substitution 

parameters in equations (4.12) – (4.15) and assumed that there was no screening effect 

which 𝛼 became zero. The results showed FCoul < Fnl < Floc by an order of magnitude. 

In realistic, the surface always completely screened by air resulted from the excludable 

coulombic contribution (Kalinin and Bonnell, 2002). 

  The capacitive force is derived by Hertzian’ s approximation.  The 

contact between the cantilever and the sample are perfectly elastic intermolecular force. 

The effective elastic modulus is modelled as series springs junction.  The equation of 

deformation at the contact surface is become 

 
𝑤1𝜔 =

2

3
(
3

4𝐸∗
)
2/3

𝑅−1/3𝐹0
−1/3

𝐹1𝜔 
(4.16) 

 

where,  𝑤1𝜔 is the deformation at the first harmonic, E* is the affected elastic modulus, 

R is the tip radius, and F is the applied force.  F0 is the setpoint in contact AFM mode. 

The equation 4.16 is useful for the optimization for PFM imaging contrast.   

  For ferroelectric material, the effect of electromechanical is significantly 

affected the PFM contrast. There are two limits for theory, strong and weak indentation. 

The strong indentation is defined by high indentation force.  The relation between the 

load P, indenter potential V, and indentation depths w is  

 

 
𝑤 =

𝑎2

𝑅
+
2𝛽

3𝛼
𝑉 (5.17) 

 
𝑃 = 𝛼

𝑎3

𝑅
− 𝛽𝑎𝑉 (4.18) 
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where, 𝛼 and 𝛽 are the material-dependent constants and a is the contact radius. Solving 

of the equations ( 4.17)  and ( 4.18)  result to surface deformation occurring by PFM 

operation. The application of strong-indentation has limit in a strong dielectric constant 

that can be break the assuming that Vs = Vtip (Giannakopoulous and Suresh, 1999). 

  Weak indentation is referred to very small contact area. The contribution 

of electric field cannot be neglected.  Karapetian et al.  shown general solution of 

electromechanical response of the surface by using the Green’ s function for a point 

force and charge ( Karapetian et al. , 1999) .  The relation between deformation and the 

surface voltage is shown in equation 4.19 (Kalinin and Bonnell, 2002)l 

 ℎ = 2𝜋 휀0 𝐿(𝜅 + 1)𝑉 𝑆 (4.19) 

   

  Even through the force between the surface and the tip affect the PFM 

contrast, the property of the material is still majority effected to the characterization.  

Piezoelectric is the third range tensor.   The crystallographic orientation affect the 

magnitude of PFM signal ( Harnagea et al. ,2001) .  According to the law of 

transformation (Nye, 1957): the relation between the material tensors and experimental 

coordinate is become: 

 𝑑𝑖𝑗𝑘 = 𝑎𝑖𝑙𝑎𝑗𝑚𝑎𝑘𝑛𝑑𝑙𝑚𝑛
0  (4.20) 

   

where, 𝑑𝑖𝑗𝑘 and 𝑑𝑙𝑚𝑛
0 are the piezoelectric coefficient of the experiment and material 

coordinate, and 𝑎𝑖𝑙 is the direction cosine that refer to Eulerian angle.  In the case of 

hexagonal crystallography, the piezoelectric tensor consists of non-zero 5 elements. The 

general orientation of the crystal after rotational operation are 

 

 𝑑33 = (𝑑15
0 + 𝑑31

0 )𝑠𝑖𝑛2𝜃𝑐𝑜𝑠𝜃 + 𝑑33
0 𝑐𝑜𝑠3𝜃 (4.21) 

 𝑑34 = −(𝑑31
0 − 𝑑33

0 + (𝑑15
0 + 𝑑31

0 − 𝑑33
0 )𝑐𝑜𝑠2𝜃)𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜓 (4.22) 

 𝑑35 = −(𝑑31
0 − 𝑑33

0 + (𝑑15
0 + 𝑑31

0 − 𝑑33
0 )𝑐𝑜𝑠2𝜃)𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜓 (4.23) 
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where 𝜃 and 𝜓 are the Euler angles from x and y axes, respectively.  In case of strong 

indentation, the deformation is dominated by 𝑑33
0  while the other effect provides as a 

miner contribution.  

- Cantilever deflection 

The deflection of the cantilever is the major role for data interpretation. 

Crystal vibration can induce the cantilever deflection both normal and shear mode.   

 

Figure 4.9. The cantilever defletion corresponding to crystal vibration (adapted from 

Soergel 2011) 

 

  The deflection of the cantilever according to piezoelectric crystal 

vibration is listed in the figure 4.9. The normal vibration of crystal induces transverse 

mode while the crystal shear mode can induce either torsion or bulking deflection 

modes. These depend on the orientation of the cantilever and the polarization of the 

crystal. The PFM image is categorized by two directions; out-of-plane and in-plane. Out-

of-plane is derived by the optic sensor in z-direction. The signal is the combination of 

transverse and bulking modes.  In-plane is  the signal from the torsion of the cantilever. 

Bulking effect can be disappeared out-of-plane signal by two ways.  The first way is 

using of the stiff cantilever and the second is rotation the sample until the bulking 

disappeared (Soergel 2011) .  The last methodology can be described by equation 4.21 
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and 4.22.  When the angle 𝜓 is zero, diminishing of equation 4.22 is occurred.  While 

amount of 90 rotational angles is taken place, the equation 4.21 will be zero.   

- PFM Signal      

Lock-in amplifier play an important role in separation of the PFM signal 

from the topography signal.  Thee applied signal is the sinusoidal with angular 

frequency 𝜔𝑎𝑝𝑝 as following: 

 𝑉𝑎𝑝𝑝 = 𝑉0𝑎𝑝𝑝sin (𝜔𝑎𝑝𝑝𝑡 + 𝛼) 4.24 

 

The signal that is measured from the optical system is written by: 

 
𝑉𝑜𝑝 = 𝑉𝑝𝑖𝑒 sin(𝜔𝑎𝑝𝑝𝑡 + 𝛽) +∑𝑉𝑖 sin(𝜔𝑖𝑡 + 𝛽𝑖

𝑛

𝑖=1

) 
4.25 

 

where the first term is the PFM signal and the second term is topography 

signal. The multiplication of the equation 4.24 and 4.25 is   

 
𝑉𝑜𝑢𝑡 =

𝑉𝑝𝑖𝑒𝑉0𝑎𝑝𝑝

2
(cos(𝛽 + 𝛼) + cos(2𝜔𝑎𝑝𝑝𝑡 + 𝛽 + 𝛼))

+∑(
𝑉𝑖𝑉0𝑎𝑝𝑝

2
cos((𝜔𝑖 − 𝜔𝑎𝑝𝑝)𝑡 + 𝛽𝑖

𝑛

𝑖=1

+ 𝛼)

−
𝑉𝑖𝑉0𝑎𝑝𝑝

2
cos((𝜔𝑖 + 𝜔𝑎𝑝𝑝)𝑡 + 𝛽𝑖 + 𝛼) 

4.26 

 

  From the equation 4.26, the first term is frequency independent or DC 

term that is related to the amplitude of the PFM signal, the amplitude of the referent 

signal, and the phase different between them, while the topography signal is shift to the 

frequency of the referent signal. The PFM signal is collected by application of the 

lowpass frequency circuit to cutoff the signal at high frequency. It should be notice that 

the cutoff frequency should be lower than the referent signal to minimize the 

topography signal. For example, if the piezoelectric crystal is activated by the sinusoidal 
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wave at 20 kHz. The cutoff frequency should be lower than the value (Hong et al. 2001; 

Soergel 2011).  

  After the lowpass circuit, the signal is divided by the amplitude of the 

referent signal to obtain only the PFM signal with the phase shift. The PFM signal is 

perpendicularly to the piezoelectric coefficient of the piezoelectric grain and the phase 

shift is correlated to the polarization direction of the piezoelectric grain as shown in the 

figure 4.10.  

 

Figure. 4.10. The piezoresponse signal from lock-in-amplifier with respect to the 

polarization of piezoelectric grain (Editted from Soergel 2011)    

 

Figure. 4.11. The phase diagram of piezoresponse signal in case of with and without 

inherent background (Editted from Soergel 2011) 
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  In realistic, the phase different of the signal is not completely 180o. This 

is because the inherence background(Jungk et al. 2008). The phenomena occur because 

the scan head which is a mechanically very complex entity and consequently exhibits a 

wealth of resonances that can be excited, resulting in a complex frequency spectrum 

( Soergel 2011) .  The effect shifts the signal from the x-plane that results to the phase 

different is lower than 180o . 

 

4.6 Application of PFM 

ZnO wurtzite structure is overlap of Zn and O hexagonal structures. The 

distance between Zn and O molecule result to spontaneous dipole moment along the 

height of the hexagonal. The chapter 3 described both chemical and physical preparation 

of hexagonal rods. The rod structure was prepare both free standing and vertical aligned 

on the substrate. To analyte the piezoelectric of both cases the Euler’s rotation was taken 

in to account. Hexagonal ZnO nanorod with10 µm length analyte by using piezoelectric 

module in COMSOL Multiphysics software version 4.2 update 3 (COMSOL, Inc. 

USA). The material parameters were the same as chapter 2 table 2.4. The Euler’s 

rotation tenser was added to the model according to the physical rotation. The boundary 

condition was related to the PFM measurement by grounding at the substrate and 

electrical voltage was applied at the top of the free end.  

  

Figure 4.12. The deformation of ZnO hexagonal rod at 0o 45o and 90o degree from z 

axis. The color contour indicated the normalized electrical voltage.  



69 

 

  Figure 4.12 shown the result from the simulation. The rod was expanded 

in the longitudinal axis by piezoelectric effect that was independent of the rotation 

operation. This because the external voltage is applied at the same point that result to 

the average deformation was constant. However, the deformation in z-axis or w (out-

of-plane signal) and y-axis (in-plane signal) or v was depended on the rotation 

operation. The maximum value was observed in the case of the rotation angle was zero 

for w. The value was decreased when the angle was increased and become zero when 

the axis reached to 90o. The results were opposite to v as shown in figure 4.13. 

 

Figure 4.13. Relation between deformation and rotational angle. 

 

  The results were corresponded to equations 4.21 to 4.23. When the 

rotation angle was zero the equations 4.22 to 4.23 and the first term of the equation 4.21 

become zero that resulted only d33 was observed. In the case of 90o,  equation 4.21 was 

zero. The deformation was dominated by the effect of  𝑑15
0  or another word, when the 

PFM tip was located at the side of rod that lied on substrate, the applied would be 

induced the shear mode deformation as shown in figure 4.14. 
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Figure 4.14. The deformation of rod when the cantilever tip was located at the middle 

side. The color contour indicated the normalized electrical voltage.  

 

  To compare the results, adapted AFM in the figure 4.9 was employed in 

this work. The on the commercial PZT bimorph. The electrode on the bimorph was 

removed by a polisher. The results were shown in figure 4.15. The piezoelectric effect 

of the material was activated by sinusoidal wave with 10 V peak. Figure 4.15a shown 

topography image of the PZT bimorph. Figure 4.15b to 4.15f shown piezoelectric image 

of the PZT bimorph with different frequency. At 20 kHz, the topography signal 

perturbed the piezoelectric signal resulted to the combination of the two signals in the 

image. The effect was able to neglect by increasing the frequency of the activated 

signal. From the results, the perturbation of the topography was disappeared at the 

frequency higher than 30 kHz. 
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Figure 4.15. PFM characterization of commercial piezoelectric bimorph, a) topography 

image, b) , c) , d) , e) , and f)  were PFM images of the bimorph at 20, 25, 30, 35, and 40 

kHz, respectively.   
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Figure 4.16. The vibration spectrum of the cantilever located on the sample. 

  The resonant frequency of the cantilever was the one parameter that 

should be consider because the signal from the resonant frequency was higher than the 

signal from the piezoelectric effect. Figure 4.16 was the vibration spectrum of the 

system. The peaks at 32 and 85 kHz were the resonant frequency of the ANSCM-PC 

cantilever. The resonant frequency of the model was reported around 11-18 kHz. The 

reason of the frequency shift was the interaction force between the cantilever tip and 

the sample. Then, the range of 35 to 80 kHz was from only piezoelectric signal and the 

response was maximum at 67 kHz.  

 

 

 

 

 

 

 

 

Resonance frequency of 

cantilevers 
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Figure 4.17. The observed a) topography image and b)  PFM image of ZnO vertical 

aligned on the platinum coated silicon wafer. The observed c) topography image and d) 

PFM image of ZnO macrorods lied on the platinum coated silicon wafer. The bright 

and the dark represented the in-phase and out-off-phase of the PFM signal. 

 

  Figure 4.17 was the PFM image of ZnO. The prepared ZnO nanorods 

were piezoelectric property by without any post process, for example, stretching and 

poling processes. Most of piezoelectric signal for the vertical aligned ZnO nanorods 

were normal to the substrate.   This confirmed that the growth of the ZnO by seeding 

method was in the c-direction. However, the result was different in the case of 

freestanding ZnO macrod. The two direction of dipole moment were observed in a 

single nanorod. This indicated that the expansion of nanorod was in two direction 

(Bdikin et al. 2010). 

 

a b 

c d 
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Figure 4.18. The observed topography and PFM images of ZnO macrorod with 

activated voltage peak a) and b) 1 V, c) and d) 3 V, e) and f) 5 V.  

  The effect of activated voltage was observed in cased of ZnO macrorods. 

The activated voltage was varied from 1 to 5 V as summarized in the figure 4.18. The 

PFM regime and the nanograin in microrod was clearly observed at high voltage. The 

topography image in figure 4.18e confirmed that the microrods was occurred by the 

alignment of nanorods. The results indicated that, oriented attachment process not only 

occurred in the beginning process of the crystal growth, but also occurred in the 

a b 

c d 

e f 
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classical growth phase.  The nanorods with the same crystallography and orientation 

attracted each other to form the macroscale.  In case of the growth is fixed on the 

substrate the growth will be occurred only in (0001) direction. This different to the free-

standing growth, the (0001̅)  of crystal was freely, resulted to two polarizations in the 

single rod.  

 

4.7 Conclusions 

  AFM is a surface probing technique that useful in surface 

characterization. The surface topography in micro to nano-scale can be evaluated by 

the technique. In addition, the technique can apply to study the surface properties, for 

example, mechanical and piezoelectric properties. 

  In this work, effect of ZnO on the collagen film was tested via force-

distance curve base on AFM instrument. Development of the young modulus was 

observed when the concentration of ZnO was increased. Other that, thermal stability of 

reinforced was also observed when the ratio of collagen: ZnO was 4:1.  

  Piezoelectric property of the prepared was observed by PFM mode. The 

method not only shown that the prepared ZnO nanorods was piezoelectric properties 

but also shown polarization direction of the material.   
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CHAPTER 5 

MICROPOWER ENERGY HARVESTING  

   

  This chapter shows using of composite material ZnO/P(VDF-HFP) in 

energy harvesting application. The different shape and size of ZnO was investigated to 

obtain the optimal condition to develop the harvester device. The final harvester was 

able to generate the maximum power in microwatt.  

5.1 Introduction 

  PVDF polymer belong to energy harvesting field since the first 

invention was explored. Light weight, flexibility, ability to be formed into intricate 

shapes, and the highest piezoelectric coefficient in the polymer group was the keys of 

interesting. There were  two main co-polymer that were frequency used as the harvester, 

trifluoroethylene (TrFE) and hexafluoropropylene (HFP). Piezoelectric coefficient d33 

of P(VDF-TrFE) was greater than PVDF for 10 pm/V but the d31 was lower. While 

P(VDF-HFP) shown stronger both d31 and d33 (Neese et al. 2007). This made the co-

polymer P(VDF-HFP) popular for the last decade (Sukwisute, et al. 2013). 

  There were several researches improved the performance of the 

copolymer by doping some material. Silver nanowire P(VDF-HFP) composite thin film 

increased harvesting power by 159% from P(VDF-HFP) film (Wu et al. 2014). ZnO 

was also used to develop the output voltage of P(VDF-HFP) from 0.12V to 2.8 V at 2 

wt% (Parangusan et al. 2018).  From the research, the content of ZnO enhanced the 

piezoelectric property of the polymer. However, the information of the shape and the 

size of the ZnO were still uncleared. This chapter aimed to investigate the effect of 

different shapes and concentrations of ZnO on P(VDF-HFP)  properties.  Either nano-

spherical or -rod composite models were compared in this chapter.   
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5.2 Energy harvester and measurement setup 

  The preparation process of nanoparticles (NPs), nanorods (NRs) and 

microrods (MRs) was published in the publication number 2 (Phooplub and Muensit, 

2018). NPs, NRs and MRs were added into the P(VDF-HFP) during thin film 

preparation process. After casting and drying process, the composite films were 

obtained. To activate the piezoelectric properties of the composite film, an amount of 

70 MV/m at 100oC was used to align the polarization of the piezoelectric film. 

 The energy harvester was constructed as shown in figure 5.1. 

 

Figure 5.1. The structure of the energy harvester based ZnO P(VDF-HFP) 

nanocomposite (Phooplub and Muensit, 2018). 

 The energy harvester was tested the performance by the setup as shown 

in figure 5.2. The setup based on cantilever structure. The cantilever (135.0 × 2.0 × 0.5 

mm3) made of spring steel with hammer at the end was mounted on permanent magnet 

shaker (V201, LDS Test and Measurement, USA) that was controlled via function 

generator (DS340, Stanford Research System, USA). The vibration of cantilever was 

monitored by CMOS laser analogue sensor with controller (IA030, IA1000, 

KEYENCE, Japan). The cantilever was vibrated at 32 Hz along the experiment. The 

generated signals from piezoelectric polymer were recorded by USB data acquisition 

module (DAQ6002, Nation instrument, USA). All instruments were controlled via 

software in figure 5.3 with the source code as shown in figure 5.4. 



78 

 

 

Figure. 5.2 The Energy harvesting setup. 
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Figure. 5.3. The energy harvesting software. 
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Figure 5.4. The LabVIEW source code for energy harvesting observation. 
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5.3 Effect of shape and size of ZnO to the performance of energy harvester 

The physical properties of each condition were listed in the table 5.1 

Table 5.1. Material properties of P(VDV-HFP) with various concentrations of ZnO of 

different shapes (Phooplub and Muensit, 2018) 

P(VDF-HFP) Crystallinity  
(%) 

Electroactivity Young’s 

Modulus  
(GPa) 

ZnO Concentration 

(wt%)  

- 0 46.21 0.34 1.89 ± 0.30 

NPs 

1 46.21 0.47 2.66 ± 0.60 

2 46.38 0.54 2.68 ± 0.67 

3 46.02 0.49 1.80 ± 0.25 

NRs 

1 46.09 0.49 3.24 ± 0.36 

2 46.26 0.51 3.36 ± 0.39 

3 46.23 0.49 2.57 ± 0.33 

MRs 

1 47.58 0.48 3.16 ± 0.32 

2 47.98 0.43 4.43 ± 0.70 

3 48.04 0.39 3.42 ± 0.41 

    

  The resulted from the table 5.1 shown the effect of increasing of ZnO to 

the crystallinity of the P(VDF-HFP). At the low concentration, the apparent of ZnO 

enhanced the crystallinity of the P(VDF-HFP). When the concentration of ZnO more 

than 2 wt%, the crystallinity of the composite film was decreased. The electroactivity 

that was the β-phase fraction evaluate from FT-IR and young’s modulus shown the 

same trend. This because the concentration 3 wt% caused the agglomeration of the 

particles. 
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To evaluate the performance, the harvester was mounted on to the setup 

in Figure 5.2. The shaker was set to reach the acceleration at 15 g with amplitude of 

vibration at the hammer for 0.8 cm at the 32Hz frequency. The open circuit voltage 

output of each sample was summarized in figure 5.6a. The optimum condition was 2, 3 

and 4 wt% for NRs, MRs, and NPs, respectively. NRs showed enhancement of voltage 

output for 170%. The reason the NRs obtained the higher performance when compared 

with others was because the NRs had more surface area than MRs. In addition, the 

electroactive phase of NRs was higher than the others. The NRs 2 wt% enhanced the 

maximum power from 0.349 to 1.119 µW. Other that, the optimum resistance was also 

reduced from 2 MΩ to 700 kΩ as seen in figure. 5.6b. 

 

Figure. 5.5 Curves of a) Open-circuit voltage output with different concentrations and 

forms of ZnO b) Obtained power with respect to the load resistance compared between 

bare P(VDF-HFP) and P(VDF-HFP) with 2 wt% NRs ZnO (Phooplub and Muensit, 

2018). 
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The possibility to implement the nanocomposite film was tested with 

commercial energy harvesting circuit LTC3588-1 (Linear Technology). The operation 

voltage of the circuit was set to1.8 V. The signal generated by 2wt% NPs appeared after 

bridge rectifier circuit as seen in Figure. 5.6 but could not activate the buck-boost 

converter circuit which resulted to disappear of the signal at the output. This contrasted 

to piezoelectric PZT that could activate able to supply all parts of the circuit board. 

However, the level of the generated voltage was able to use as a trigger to wake up the 

extreme low power microcontroller PIC16LF1455 (Microchip, USA) which took the 

power consumption for 25 nW. This will be beneficial for the use of alarm system for 

unexpected vibration, for example, earthquake. 

 

Figure 5.6. Piezoelectric signal of 2 wt% NRs condition after rectified. 

 

5.4. Conclusion 

Mechanical, electrical and electromechanical properties are necessary 

for energy harvesting application. The configuration and concentration of ZnO to 

P(VDF-HFP) were tested to evaluate the possibility in the application. ZnO showed an 

enhancement of all properties of the P(VDF-HFP) at low concentration. MRs showed 

the best mechanical reinforcement, while NPs showed slightly better electroactive 

phase and dielectric properties. However, electroactive phase of P(VDF-HFP) was 
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dropped at higher ZnO concentration. In application of energy conversion by meant of 

piezoelectric generator, NRs showed the highest performance to convert mechanical 

strain to electrical voltage. This is due to the higher surface area than MRs, that directly 

affected the induced internal strain, and better performance in term of reinforcement 

than NPs. The better condition of NRs was found at 2wt%. The generated power could 

be enhanced by filled NRs to the output power 170% which was enough to activate low 

power electronic devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



85 

 

CHAPTER 6 

CONCLUSIONS 

  This work has predicted by using the Finite Element Analysis for the 

ZnO nanorods and nanobelt that can effectively deliver the captured surrounding energy 

to convert into useful energy. Then ZnO nanorods have been successfully synthesised 

by hydrothermal reaction and possess the wurtsite phase as characterized by the XRD.  

In the field of smart polymers, ZnO of different forms, i.e. nanoparticles 

(NPs), nanorods (NRs), and microrods (MRs) has been incoporated into a matrix of   

PVDF. After the polymer has been activated by the poling filed of 70 MV/m at 90°C 

for 10 min, the ZnO has slightly changed the degree of crystallinity of the polymers and 

clearly increased the elasticity to the best value in the case of inserted MRs. P(VDF-

HFP) reinforced with ZnO of 2 wt% NRs shows the best performance as a microsource 

of the energy of about 1 μW. 

For the insertion of ZnO into Collagen type I, ZnO significantly develops 

Young’s modulus from 9 GPa to 18 GPa and keep the collagen elastic against ambient 

temperature. Infinitesimal movements which are extremely hard to measure are able to 

observe in this work because of the PFM mode based on the AFM facility.   Without 

such measurement setup it is hard to suggests that nanoscale ZnO is good candidate for 

collagen reinforcement which is crucial for tissue engineering technology. 

Finally, the possibility of using synthesized ZnO nanomaterials which is 

piezoelectric has been demonstrated for energy capture process in the present work.  

Although the observed electrical energy is tiny when compared to other forms of 

renewable energy, however, it can possibly be delivered to some ultra-low power 

electronic devices, acting as bone growth accelerator and wound healing etc.   

Suggestions for future work 

Key points that can be further developed are 1) the level of surrounding 

energy source   2) energy transfer mechanism   3) piezoelectric materials themselves.  

If these are effectively fulfilled, the high-performance piezoelectric energy harvester 

can be obtained. 
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