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Preface 

 

This research work concentrated on developing eco-friendly piezoelectric and triboelectric 

nanogenerators for energy harvesting applications. The majority of eco-friendly piezo and 

triboelectric materials have lower output due to material properties. To enhance the device's 

performance, doping and laser surface modification approaches have been deployed in this 

work. Furthermore, both doping concentration and laser parameters are systematically 

optimized.  

Primarily, the Zinc Oxide (ZnO)-based piezoelectric nanogenerator was fabricated and 

demonstrated to generate energy from a uniform and non-uniform mechanical load conditions. 

Different concentrations of Sn element were doped into ZnO to enhance the pristine device 

performance, ranging from 0-5% with an interval of 2.5%. It was noticed that 2.5% of Sn doped 

ZnO piezoelectric nanogenerator was optimum and generated maximum output than pristine 

and 5% Sn doped device. It is due to the augmentation of carrier concentration when increasing 

the doping percentage. Finally, all the devices were deployed into non-uniform mechanical 

loading conditions like musical drums to study their functionality and ability. It confirms that 

the device is capable to generate significant output to power the low-power electronics.  

The laser power was optimized based on voltage value. It was noticed that the 30 W laser power 

obtained maximum output due to the enhanced surface contact area and chemical changes in 

the PET (Polyethylene terephthalate) material. In addition, the patterning geometries have been 

varied, such as line, X, and circle patterns, to study the influence of output performance. The 

line patterned triboelectric nanogenerator (TENG) attains higher output performance than other 

patterns and plain PET. Furthermore, we tested the device under various mechanical parameter 

conditions such as the force of 10-100 N, frequency of 1-5 Hz, and separation distance of 2-12 

mm. The maximum Voc of 35.7 V and Isc of 0.46 μA were generated by the optimum device 

parameter of 50 N, 5 Hz, and 4 mm distance, respectively.   

Further enhancing the line pattern TENG output, two different interfacial layers have been 

introduced, such as Polyvinyl alcohol (PVA) and polyethylene oxide (PEO). The PEO coated 

line pattern has attained a maximum Voc of 131.85 V, Isc of 2.323 μA, and power density of 

41.6 μW/cm2. Also, the generated power was stored in a commercial capacitor and glowed 10 

LEDs with higher intensity. Therefore, the main objectives have been accomplished.  

 

 



ix 
 

TABLE OF CONTENTS 

 

 LIST OF FIGURES    

 LIST OF TABLES  

 ABBREVIATIONS   

1 Introduction to energy harvesting for low power electronics  

 1.1 Introduction………………………………………………………………... 1 

 1.2 Mechanical energy harvesting…………………………………………….. 2 

        1.2.1 Mechanism of piezoelectric nanogenerator………………………… 4 

        1.2.2 History of piezoelectric devices…………………………………….. 5 

        1.2.3 Piezoelectric nanogenerator applications…………………………… 6 

 1.3 Mechanism of triboelectric nanogenerator………………………………... 10 

        1.3.1 Out-place contact separation mode………………………………..... 12 

        1.3.2 In plane sliding mode……………………………………………….. 15 

 1.4 Motivation…………………………………………………………………. 17 

 1.5 Objectives…………………………………………………………………. 19 

 1.6 Overview of the thesis…………………………………………………….. 19 

2 Literature Survey  

 2.1 History of the piezoelectric materials, devices, and development………… 21 

 2.2 Classification………………………………………………………………. 21 

        2.2.1 Natural crystal………………………………………………………. 22 

        2.2.2 Synthesized crystal………………………………………………….. 22 

        2.2.3 Perovskites………………………………………………………….. 22 

        2.2.4 Polymers……………………………………………………………. 22 

        2.2.5 Composites………………………………………………………….. 23 

        2.2.6 III-V and II-IV semiconductors…………………………………….. 23 

 2.2 An overview of the ZnO ………………………………………………….. 23 

        2.2.1 Lateral nanowires…………………………………………………… 24 

        2.2.2 Vertical nanowires………………………………………………….. 27 

        2.2.3 Various dopants for ZnO…………………………………………… 30 

 2.3 Literature survey on surface modified triboelectric nanogenerator……….. 31 

 2.4 Summary…………………………………………………………………... 38 



x 
 

3 Development of Sn doped ZnO-based eco-friendly piezoelectric 

nanogenerator for energy harvesting applications 

 

 3.1 Introduction………………………………………………………………... 41 

 3.2 Experimental………………………………………………………………. 42 

        3.2.1 Synthesis of Sn doped ZnO…………………………………………. 42 

        3.2.2 fabrication of paper based PENG ……………………….………….. 43 

        3.2.3 Characterization…………………………………………………….. 44 

 3.3 Results and discussion…………………………………………………….. 44 

        3.3.1 X-ray diffraction and Raman spectroscopy………………………… 45 

        3.3.2 Surface morphology………………………………………………… 47 

        3.3.3 Electrical Characterization of piezoelectric nanogenerator………... 48 

 3.4 Summary…………………………………………………………………... 56 

4 Enhancement of Triboelectric Nanogenerator Output Performance by 

Laser 3D-Surface Pattern Method for Energy Harvesting Application 

 

 4.1 Introduction………………………………………………………………... 59 

 4.2 Theoretical equations……………………………………………………… 59 

        4.2.1 V-Q-x relationship equations……………………………………….. 60 

        4.2.2 Theoretical simulation of the influence of surface modification…… 62 

 4.3 Experimental………………………………………………………………. 67 

        4.3.1 Laser process and influences of laser parameter……………………. 67 

        4.3.2 Details of Laser surface patterning (LSP)………………………….. 68 

        4.3.3 TENG device construction and characterization…………………… 70 

 4.4 Results and discussion…………………………………………………….. 71 

        4.4.1 Investigation on LSP influence in chemical modification………….. 72 

        4.4.2 Triboelectric characterization………………………………………. 74 

        4.4.3 Influence of mechanical parameter in line pattern TENG………….. 77 

        4.4.4 Endurance of the line patterned TENG……………………………... 80 

        4.4.5 Device demonstration………………………………………………. 84 

 4.5 Summary…………………………………………………………………... 85 

5 Enhancement of line patterned triboelectric output performance by an 

interfacial polymer layer for energy harvesting application 

 

 5.1 Introduction………………………………………………………………... 87 

 5.2 Theoretical equations……………………………………………………… 87 



xi 
 

        5.2.1 V-Q-x relationship equations……………………………………….. 87 

        5.2.2 COMSOL simulation……………………………………………….. 90 

 5.3 Experimental………………………………………………………………. 91 

        5.3.1 PEO/PVA layer preparation………………………………………… 91 

        5.3.2 Double layer TENG device construction…………………………… 91 

        5.3.3 details of characterization tools…….……………………………….. 92 

 5.4 Results and discussion…………………………………………………….. 92 

        5.4.1 Charge transport mechanism multilayer TENG…………………….. 93 

        5.4.2 Triboelectric output performance measurement……………………. 95 

        5.4.3 Influence of mechanical parameter in DL2 TENG………………….. 97 

 5.5 Summary…………………………………………………………………... 106 

6 Conclusion and future scope  

 6.1 Conclusion………………………………………………………………… 108 

 6.2 Future scope……………………………………………………………….. 111 

 References…………………………………………………………………....... 113 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

List of Figures 

 

1.1  Connected device statistics Source: Cisco IBSG blog. 2 

1.2 Schematic diagram of hybrid electromagnetic and TENG (b) PMN-PT 

PENG device (c) TENG working mechanism 
3 

1.3 (a) schematic of piezoelectric mechanism with the crystal lattice (b) basic 

model of cantilever beam piezoelectric device 
5 

1.4 PENG energy harvesting device from various human motion (a) shoe sole 

(b) shoe sole pedometer (c) kinetic energy harvester for human activity 

recognition (d) energy harvesting from human breathing 

8 

1.5 Depicts the PEH device development in various biomedical applications 9 

1.6 Charge transfer model for metal-metal contact 11 

1.7 Triboelectric material series arranged based on the electron surface charge 11 

1.8 Illustrates the out-of-place contact separation triboelectric mechanism 12 

1.9 Depicts various contact separation applications (a) MXene supercapacitor, 

(b) eye motion sensor, (c) cardiac monitoring, and (d) UAB syndrome 

monitor 

14 

1.10 Represent the in-plane sliding TENG mechanism 15 

1.11 Sliding mode TENG integrates with various functional intelligent 

micro/nano systems (a) self-powered electrospinning (b) charge ionizer (c) 

TENG motion sensor (d) microfluidic droplet manipulator 

16 

2.1 Road map of the piezoelectric developments 21 

2.2 ZnO-based lateral nanowires (a&b) single nanowire PENG device (c) 

flexible nanowire array (d) sweeping printed flexible nanowire PENG device 
26 

2.3 Various vertical ZnO nanowires (a)hydrothermal grown NWs (b) NWs on 

graphene substrate (c) super flexible NWs on aluminium substrate (d) 

vertically grown NWs on textile fibre 

29 

2.4 Photolithography modified PDMS surface with three different architectures 32 

2.5 Block copolymer patterned nanostructures and their TENG performance 33 

2.6 Mold replication patterning process 34 

2.7 3D surface morphology of the various patterns and their voltage generation 

with the same force level 
35 



xiii 
 

2.8 Schematic of MGA TIL process, device assembly, and surface morphology 36 

2.9 SEM images of copper and PTFE patterned surface with different grit sizes 36 

2.10 SEM images of various laser patterned structures and 3D surface topography 38 

2.11 Flow chart of the thesis 40 

3.1 Schematic diagram of ZnO synthesis and film deposition 42 

3.2 Schematic of Sn doped ZnO piezoelectric device 44 

3.3 (a) X-ray diffraction pattern of doped and pristine ZnO powders (b) Raman 

shift of doped and pristine samples 
46 

3.4 (a)  FE-SEM image of pristine and (b-c) Sn doped ZnO powder nanostructure 

and (d, e, f) shown the elemental analysis graph (EDS) 
48 

3.5 (a) and (b) voltage and short circuit current measurement of pristine and 

different percentages of Sn doping concentration 
49 

3.6 I-V characteristics of the pristine and 2.5% and 5% Sn doped ZnO PENG 

device 
51 

3.7 Shows the schematic diagram of the proposed application (musical drums) 51 

3.8 (a) Positive and negative peak voltage at 22 N (b, c) open circuit voltage and 

short circuit current measurement of pristine ZnO and Sn doped ZnO PENG 

(d) IV characteristics of doped and Pristine ZnO 

53 

3.9 (a) shows the derived graph of current and voltage  (b) power generation by 

the different doping concentration 
54 

3.10 Digital image of 2.5% Sn doped ZnO device immersed in natural soil 56 

4.1 Schematic diagram of the fundamental dielectric to dielectric contact 

separation TENG mode 
60 

4.2 COMSOL simulation's 2D geometry and boundary conditions 62 

4.3 (a) TENG at both layers separated (b) electric potential and transferred 

charges versus separation distance 
63 

4.4 (a-c) electric potential of different patterns with the single cross-section 64 

4.5 Frictional surface contact area measurement for different patterns by 

AutoCAD tool 
65 

4.6 (a)-(b) electric potential and transferred charge of line patterned TENG 66 

4.7 The line pattern TENG electric potential concerning varying laser power 68 

4.8 Schematic diagram of laser focal area for laser texturing 69 



xiv 
 

4.9 Schematic diagram of the laser patterning process by continuous wave laser 

(b) LSP PET with and without electrode 
69 

4.10 Schematics of device construction 70 

4.11 The convex(protrusion) profile of line and circle pattern 71 

4.12 (a) FESEM images of Pristine PET substrate (b) X pattern (c) Circle pattern 

and (d) line pattern 
71 

4.13 (a) Raman spectroscopy analysis of Pristine and laser patterned PET surface 

(b) FTIR transmittance spectrum of pristine PET and laser patterned PET 

substrate 

73 

4.14 (a) and (b) OC Voltage and SC current measurement of various patterned 

and pristine TENG devices; the contact separation distance, frequency and 

load were fixed at 4 mm, 5 Hz and 50 N 

75 

4.15 Short circuit transferred charges of pristine and patterned TENG device 76 

4.16 (a) the SC current analysis based on contact and separation distance was 

investigated under the load of 50 N and the frequency of 5 Hz. (b) the various 

frequency-based analysis for line patterned TENG with a fixed load of 50 N 

and contact separation distance of 4 mm 

78 

4.17 Different external load-based analysis was kept the movement frequency of 

5 Hz and separation distance of 4 mm 
79 

4.18 Mechanical endurance analysis of line patterned TENG device functioning 

with 10000 cycles 
80 

4.19 (a) Power density measurement with respect to the different load resistance. 

(d) RMS voltage across the different load resistance (1 KΩ to 4 GΩ) 
82 

4.20 (a) The line patterned TENG device-generated voltage stored with different 

capacitor (b) maximum stored energy with 200 nF, 1 μF and 5 μF capacitor 
83 

4.21 (a) Charging circuit and 1 μF capacitor charged 425 sec and then discharged 

slowly (b) digital images of three blue LEDs lighting up with 1 μF capacitor 

energy 

84 

5.1 (a) and (b) schematic diagram of single and double dielectric layer TENG in 

the contact separation mode 
88 

5.2 (a) both triboelectric at contact condition (b) and (c) COMSOL Multiphysics 

simulation of pristine and PEO coated LP PET TENG device 
90 



xv 
 

5.3 (a) Schematic diagram of laser processing (b) Pristine LP-PTFE TENG 

device (c) PVA coated LP-PTFE TENG (c) PEO coated LP-PTFE TENG 

device 

92 

5.4 Raman shift of before and after PEO/PVA coated LP PET surface 93 

5.5 Schematics of the charge transport mechanism 94 

5.6 (a) Photographic image of the dielectric coated with and without electrode 

LP PET (b) transferred charges of single and double-layered TENG 
95 

5.7 (a)&(b) Voc and Isc measurement of DL1 and DL2 TENG device with the 

fixed operational parameters i.e., frequency of 5 Hz, CS distance 4 mm, and 

force of 50 N 

96 

5.8 (a) and (b) Voc and Isc of DL1/DL2 TENG with various frequency (1-5 Hz); 

CS distance and load were fixed at 4 mm, and 50 N 
98 

5.9 (a)&(b) Voc and Isc evaluation under different CS distance (2 to12 mm) with 

a constant load of 50 N and frequency of 4 Hz 
99 

5.10 (a) and (b) shows the performance of Voc and Isc for different contact forces 

(10- 70 N) with a set value of frequency and CS distance (4 Hz and 4 mm). 
100 

5.11 Endurance evaluation of Isc for DL2 device operated up to 10,000 cycles with 

a force of 50 N, frequency of 4 Hz, and CS distance of 4mm 
102 

5.12 (a) voltage and across the different load resistance (1 KΩ to 4 GΩ) (b) Power 

density measurement with respect to the different load resistance 
103 

5.13 (a) the DL2 device deployed to generate the voltage that stored in the 

different capacitor (b) the amount of energy stored in various capacitors 
104 

5.14 (a) Schematic diagram of charging circuit and (d) digital image of ten LED 

lighting up when contact separation of DL2 device 
105 

 

 

 

 

 

 



xvi 
 

List of Tables 

 

4.1 expressions of maxwell equations 60 

4.2 Laser parameters for LSP on PET substrate 70 

4.3 Bands associated with LP PET from FTIR and Raman 74 

6.1 Summarized output response of Piezo and Tribo Nanogenerators 111 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 
 

List of Abbreviations 

 

Notations  

MEMS Microelectromechanical system 

PENG Piezoelectric nanogenerator 

TENG Triboelectric nanogenerator 

PZT Lead Zirconium Titanate 

BaTiO3 Barium Titanate 

AlN Aluminium Nitrate 

ZnO Zinc Oxide 

Sn Tin 

PVDF Polyvinyildene fluoride  

GaN Gallium nitride 

PA6 Nylon 6 

PET Polyethylene terephthalate 

PDMS Polydimethylsiloxane 

PTFE Polytetrafluoroethylene 

PEO Polyethylene oxide 

HMTA Hexamethylenetetramine 

PVA Poly Vinyl Alcohol 

LSP Laser surface patterning 

PEH Piezoelectric energy harvester 

LED Lighting emitting diode 

NWs Nanowires 

CTT Conductive textile tape 

CCL Charge collecting layer 

CTL Charge transmitting layer 

FESEM Field emission scanning electron microscope 

EDS Energy dispersive spectroscopy  

XRD X-ray diffraction 

FTIR Fourier-transform infrared spectroscopy  

M Mass 



xviii 
 

SONAR Sound navigation and ranging 

V Voltage 

∅1,2 Charge 

e Electron 

AC Alternating current 

cm Centimetre 

W Watt 

A Ampere  

C Coulomb  

Ω Ohm 

N Newton 

ρ Charge Density 

A Area 

𝜎 Surface charge density 

𝑉𝑜𝑐 Open circuit voltage 

𝐼𝑠𝑐 Short circuit current 

𝑑0 Distance 

R Resistance  

I Current 

P Power 

F Farad 

 dielectric constants 



1 
 

Chapter 1 

Introduction 

1.1 Introduction 

In Industry 4.0, the miniaturization of electronics and MEMS devices 

are playing significant role in empowering modern human society. 

Devices such as intelligent sensors, actuators, and microprocessors have 

become an integral part of our routine activities [1-3]. The growth rate 

of devices connected with the human population is depicted in Figure 

1.1. In such devices, electrical power is a determining factor in 

addressing the flexibility and portability of the device. In this regard, 

there is a remarkable technical challenge to power these devices and 

perform the required function, viz., sensing, collecting, 

transmitting/analyzing the data [4,5]. The issue of recharging and 

replacement of batteries eventually degrades the operational 

effectiveness of the device. As a result, integrating an energy harvesting 

device with electronic gadgets can supplement the battery and it will 

improve the viability for different applications [6]. Different kinds of 

energies, such as solar energy, heat energy, mechanical energy, wind 

energy, etc., are ubiquitous [5,7,8].  

Mostly these forms of energy are harvested from the environment and 

converted into useful electrical potential. Among them, solar energy is 

an enormously available and long-lasting energy source. Also, massive 

research work has been conducted to develop efficient solar cells. 

However, it is limited to various environmental factors, like weather, 

location, and time. As a result, designing and developing unique 

methods to harvest energy in multiple forms, such as motion, sound 

waves, and heat, is critical in order to build energy harvesting solutions. 

The generated energy can be combined with batteries to meet the power 

demands of sensors and electronic circuits. Therefore, a self-powered 

system has the ability to harness the energy from ubiquitous to fulfill its 

power demands. Also, it will have potential applications such as 
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biomedical, structural monitoring, human health monitoring, and 

wearable technologies.  

Therefore, the mechanical energy harvester has been extensively 

attracted in recent years due to wide resource availability, gives higher 

output with low fabrication cost, flexibility, and no external power 

source required. This chapter provides a review of different mechanical 

energy harvesting technologies for low-power electronics, as well as an 

introduction to piezoelectric and triboelectric energy harvesting, in order 

to set the stage for this thesis study. 

 

Figure 1.1 statistics of connected electronic devices with human 

population Source: Cisco IBSG blog. 

1.2 Mechanical energy harvesting:  

In particular, mechanical energies are abundantly available and 

specialized due to motion-related applications. Those mechanical 

stimuli are present in the form of stress, elongation, vibration, and 

tension, even in human movements, respiration, cardiac pulse, motor 

vehicle motion, and vibrations.  
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Figure 1.2 (a)schematic diagram of hybrid electromagnetic and 

TENG [9], (b) PENG, and (c) TENG working mechanism [15,16] 

Conventionally three mechanisms have been used to convert mechanical 

to electrical energy.  

• Electromagnetic effect 

• Piezoelectric effect  

• Triboelectric effect 

Electromagnetic generator (EMG) is working based on Faraday's law of 

induction. It consists of macro-micro features, an electric coil, and 

magnetic materials, though it has limitations in the miniaturization of 

the EMG device fabrication (Figure 1.2(a)) [9,10]. Hence, to harvest 

mechanical energy, piezoelectric nanogenerator (PENG) and 

triboelectric nanogenerators (TENG) have been utilized as the most 
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promising energy harvesting device [11-14]. The piezoelectric 

mechanism works based on the material property of piezoelectricity 

(Figure 1.2(b)) [15]. Figure 1.2(b) illustrates the wurtzite structured ZnO 

crystal, where the layers of tetrahedrally bounded Zn2+ and O2- are 

deposited along the c-axis. At the initial condition, both cations and 

anions are lined up at the center. When an external force is applied to 

the crystal, the structure is deformed, which results in the separation of 

positive and negative charge centers caused by the electric dipole. The 

alternative bending and releasing process generates the electrons and 

drives them through the external circuit. The triboelectric mechanism is 

a conjugation of triboelectrification and electrostatic induction as shown 

in Figure 1.2(c) [16]. Both devices are utilized in real-time MEMS 

systems due to their inherent properties, such as higher potential 

difference, biocompatibility, and better lifetime. As a result, significant 

research has been reported on different sensor and energy harvesting 

applications such as self-powered force sensors, monitoring systems, 

and energy from the vibrations of human organs, etc [1-5, 19-20].  

1.2.1. Mechanism of piezoelectric nanogenerator (PENG): 

In mechanical energy harvesters, the piezoelectric mechanism is the 

most widely used and well-studied approach for low-power electronic 

applications. It was discovered by the Curie brothers in 1880 upon 

quartz materials that generate current when applied the mechanical 

force, which is called the direct piezoelectric effect [17]. In 1881, the 

indirect piezoelectric effect was observed from fundamental 

thermodynamics theories by Gabriel Lippman [18]. Additionally, it was 

proved experimentally that a piezoelectric device or crystal will expand 

or contract in response to an electric field's amplitude.   

Therefore, the ability of materials to create charge (or voltage) when 

triggered by mechanical stress is known as piezoelectricity as illustrated 

in Figure 1.3(a) [15]. It is owing to non-centrosymmetric in the crystal 

lattice, which induce the strain, thus generating a dipole. The 

piezoelectric effect can be explained using a molecular model in which 

the lattice is in equilibrium. The lattice disturbed the center of charges 
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when external force was deployed on the material, resulting in forming 

a small dipole. All tiny dipole combined together forms a net dipole in 

the material. This phenomenon of the materials is called piezoelectricity. 

Quartz, lead zirconate titanate (PZT), barium titanate (BaTiO3), 

aluminum nitride (AlN), zinc oxide (ZnO), and polyvinylidene fluoride 

(PVDF) [19,20] are some of the most common materials that show 

piezoelectricity. 

 

Figure 1.3(a) schematic of piezoelectric mechanism with the crystal 

lattice [15] (b) basic model of cantilever beam piezoelectric device 

[23]. 
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1.2.2 History of PENG device: 

Researchers have exploited the piezoelectric effect to capture 

mechanical energy and transfer it to electrical energy. The cantilever 

beam is the most frequent structure and design for piezoelectric energy 

harvesters (PEH) [21,22]. Figure 1.3 (b) depicts a standard PEH setup 

using a cantilever [23]. Once the excitation force reaches the inertial 

forces, the cantilever goes through a tension and compression phase 

around a neutral axis. As a result of the repeated stress, a cyclic 

voltage/current signal is generated between the current collecting 

electrodes of the piezoelectric layer. To enhance the stress levels in the 

piezoelectric layer, a proof mass (M) is usually placed at the tip of the 

cantilever beam. Thus, the voltage created at the electrodes has a larger 

magnitude. The other most widely used configuration of piezoelectric 

energy harvester is based on thick/thin film for flexible wearable 

applications. Paradiso et al. was the foremost researcher who 

demonstrated a shoe sole energy harvesting device in 1998 with PZT 

composite for wearable applications [24].  

1.2.3 PENG applications:  

The recent developments in the piezoelectric nanogenerators are 

discussed in the following section. After discovering the piezoelectric 

effect in quartz crystal in1880, the research community was fascinated 

to develop the higher-performance device. Early 20th century, Quartz 

and Rochelle salt-based device was used for high-frequency SONAR 

application [25]. The demand for piezoelectric crystals has significantly 

increased for navigation and communication purposes during the second 

world war. Consequently, barium titanate and the family of perovskite 

materials have been discovered, such as PZT, lithium 

niobates/tantalates, and PMN-Pt [26-30]. Due to the increasing demand 

for portable or wireless devices and systems with long life spans for 

many possible applications, recent breakthroughs in energy harvesting 

have accelerated. Piezoelectric energy harvesting (PEH) devices have 

been systematically constructed to harvest ambient energy and assist the 

sensor as a standalone module or in conjunction with the electronics to 

increase its lifespan. This section depicts some PEH, including human 
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gait movements, wearable and implantable devices, vibration energy 

harvesters, and self-powered sensors [31-34].  

Human interaction-based energy harvesting PENG device: 

The MIT Media Lab's Shenck and Paradiso have developed a novel 

energy harvesting device featuring a power circuit for harvesting energy 

from shoe soles [35]. When the user moves, the RF circuit sends a short 

range of 12-bit wireless recognition code (Figure 1.4(a)). Similarly, 

Figure (1.4 (b)) depicts a foldable large area pedometer device for self-

powered human recognize walking and energy harvesting, which 

consists of a 2 V organic pedometer circuit and PVDF wrap for pulse 

and power generation [36]. The generated energy was used to power a 

pseudo-CMOS 14bit chip that served as a step counter and could track 

up to 16383 steps taken by a person. A PEH device was fabricated to 

quantify the human activity recognition from kinetic energy, illustrated 

in figure 1.4(c) [37]. The device determined human activity with 79% 

of power-saving without an accelerometer. Likewise, A wearable N95 

respirator was embedded with a PVDF thin film for harvesting energy 

from human breathing, as shown in figure 1.4(d) [38]. 
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Figure 1.4 PENG energy harvesting device from various human 

motion (a) shoe sole [35], (b) shoe sole pedometer [36], (c) kinetic 

energy harvester for human activity recognition [37], and (d) 

energy harvesting from human breathing [38]. 
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Implantable PENG device:  

Figure 1.5(a) shows the micro spiral PEH device was fabricated for 

harvesting energy from the cardiac environment [39]. It is a potential 

device to provide long-lasting and compact biomedical implantable 

devices such as pacemakers without leads. This device attained three 

μJ/cm3 during the experimental testing. Similarly, a lead-based PEH was 

implanted into the animal for self-powered sensing and power 

generation application using biomechanical resources, as shown in 

figure 1.5 (b-d) [40-42].  
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Figure 1.5 depicts the PEH device development in various 

biomedical applications [39-42]. 

The majority of the existed research works have developed the PENG 

device with lead-based materials because it generates higher output 

performance and wider applications. However, it has significant 

drawbacks, such as less biodegradability and rigid substrates. Though 

there are several biocompatible piezoelectric materials, flexible 

substrates are exhibited, but it yields lower power density. Therefore, 

choosing biocompatible materials with a higher piezoelectric coefficient 

is a challenging part of the development of PENG. An appropriate and 

alternative approach is required to overcome these drawbacks.  

Hence, the triboelectric nanogenerator will be one of the predominant 

alternatives for mechanical energy harvesting and self-powered sensor 

applications. The following section discusses the triboelectric 

nanogenerator mechanism and its applications.  
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1.3 Mechanism of Triboelectric nanogenerator (TENG):  

The triboelectric nanogenerator works fundamentally by integrating two 

ideas, such as triboelectrification (also known as contact electrification) 

and electrostatic induction. Contact electrification is a phenomenon that 

charges the surface when two different surface polarity material contacts 

each other. Electrostatic induction is the redistribution of electric charge 

in the material. Several concepts have been proposed to describe the 

phenomenon of contact electrification [43]. However, the theory of 

electron transfer in various materials is defined by a well-established 

model of the work function concept [44]. Based on this concept, when 

two metal surfaces contact each other, the tunnelling effect causes the 

electron transfer to persist in the thermodynamic equilibrium. The 

electric potential that can measure between metals caused by charge 

transfer is expressed in the following Eqn. (1.1). 

𝑉1 2⁄ =
∅1−∅2

𝑒
…………………………………. (1.1) 

𝑉1 2⁄  is a potential difference between two metals, ∅1 and ∅2 are work 

function of metal 1 and metal 2, and e is the elementary charge. The 

same work function theory can describe the charge transfer in the metal-

insulator and insulator-insulator models [45,46]. Figure 1.6 Fig. 1 

graphically depicts two metals with different work functions, ∅1 and ∅2, 

in contact [43].  

 

Figure 1.6 Charge transfer model for metal-metal contact [43] 

Due to the material property and chemical structure, the materials can 

lose or gain electrons in various materials. Thus, when two triboelectric 

layers come into contact and then separate, the contact electrification 
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process causes both layers to become electrically charged. Several 

metals and dielectric materials have been arranged based on the surface 

charge density, as shown in figure 1.7 [47,48]. In comparison to the 

elements on the negative side of the series, the positive side materials 

tend to give electrons. This indicates that positive elements tend to 

become positively charged and vice versa. It is possible to anticipate and 

select the polarity of the charges generated when two materials come 

into contact with one another using the relative locations of the materials 

in a triboelectric series. When designing TENGs, this guideline is vital 

for material selection. 

 

Figure 1.7 Triboelectric material series arranged based on the 

electron surface charge [47, 48]. 

The triboelectric mechanism can be further distinguished into two 

categories based on the mechanical operating condition, such as (i) out-

of-plane contact-separation mechanism and (ii) in-plane sliding 

mechanism. These two mechanisms are broadly described in the 

following section.  

1.3.1 Out of plane contact separation:  

In this process, the triboelectric layers are pushed to the plane of contact 

by the relative motion, leading to contact and separation. The primary 

stage of the TENG is contact electrification, in which both tribo layers 

are equally charged positively and negatively. Further, the charged 

surface leads to electrostatic induction on the metal electrode in the 

TENG device as shown in Figure 1.8. Primarily, both layers are kept at 

a distance of x (1). When the external force is applied to the TENG 

device, the two different dielectric materials come into contact to form 
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chemical bonds (2). The formation of chemical bonds helps to migrate 

the charge between two surfaces to equalize the electrochemical 

potential. Then the electron will flow from the top electrode to the 

dielectric surface to fill surface states with negligible decay. The electric 

field builds up during the separation or increasing distance (x) between 

each triboelectric surface and induces the potential difference (V). This 

potential difference drives the electron from top to bottom electrode that, 

results in a negative current with the external circuit (3). Once the device 

reaches the initial position (1,4), the surface charge distribution reverts 

to the equilibrium state. Subsequently, the device surfaces close to each 

other induce the reverse electrostatic field to bring back the electron 

from the bottom to the top electrode and attain the positive current (5). 

This concept is close to the parallel plate capacitor and can be considered 

for developing a theoretical model of TENG. 

 

Figure 1.8 illustrates the out-of-place contact separation 

triboelectric mechanism [49] 

Out-of-plane TENG Application: 

TENG is not only an energy harvester, and it can be used as a self-

powered sensors and energy storage device, it is due to its diversified 

device operational mode. An enormous need for small standalone power 

units with huge capacities and high durability is being expressed by the 

significant increase in wearable electronics. As illustrated in Figure 
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1.9(a), integrating TENG and storage devices offers a possible way to 

realize the objective of a sustainable power unit [50]. A carbon fiber-

made TENG device combined flexible MXene supercapacitor was 

developed for energy harvesting and simultaneously storing the 

electricity. On the other hand, TENG can also function as a self-powered 

sensor. Figure 1.9(b) illustrates the eye motion sensor by the TENG 

mechanism [51]. This device can measure the micro-motion of human 

activities and shows the potential application in human-machine 

interfaces.  
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Figure 1.9 depicts various contact separation applications (a) 

MXene supercapacitor [50], (b) eye motion sensor [51], (c) cardiac 

monitoring [52], and (d) UAB syndrome monitor [53]. 

Health condition monitoring and drug delivery have played a vital role 

in the contemporary wearable and implantable electronic devices to 

empower the quality of everyday life. Figure 1.9 (c) depicts the TENG-

based cardiac monitoring system implanted in adult swine [52]. It was 

implanted in in-vivo and monitored the heartbeat for 72 hrs 

continuously. Likewise, in figure 1.9 (d), the TENG-based drug delivery 

system and underactive bladder (UAB) syndrome monitoring are 
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demonstrated [53]. The drug delivery system was developed with an 

intelligent actuator and self-powered sensor. In the case of the UAB 

system, the self-control TENG pressure sensor was made for rat bladder 

monitoring. 

1.3.2 In-plane sliding: 

 

Figure 1.10 represent the in-plane sliding TENG mechanism [54] 

In this mechanism, both triboelectric layers are entirely in contact 

condition at the initial step. The contact area decreases when the 

triboelectric layers move forward or backward. During this process, the 

equilibrium state gets disturbed and creates an imbalance in the surface 

charge equilibrium. The electrostatic induction stimulates charge in the 

back electrodes to maintain the surface charges with equilibrium. Figure 

1.10 depicts the fundamental steps in the in-plane TENG mechanism.  

In-plane sliding TENG application: 

A self-powered electrospinning system has been developed with TENG 

rotational disk energy harvester (Figure 1.11(a)) [55]. This system 

generated an AC voltage of 1400 V and rectified with double 

rectification to increase the output. In addition, the rotating disk-based 

TENG device has been demonstrated in a molecular mass spectrometer 

to attain the control of ionization charges, as shown in Figure 1.11 (b) 

[56].  
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Figure 1.11 sliding mode TENG integrates with various functional 

intelligent micro/nano systems (a) self-powered electrospinning 

[55], (b) charge ionizer [56], (c) TENG motion sensor [57], (d) 

microfluidic droplet manipulator [58]. 
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A High-resolution speed sensor with sliding mode TENG was developed 

with a line grating structure and shown in Figure 1.11 (c) [57]. The 

displacement and the movement speed may be obtained from the output 

waveform owing to this specific geometry grating arrangement. 

Similarly, Figure 1.11(d) illustrates a free-standing mode TENG-

developed self-powered microfluidic droplet manipulator. [58] When 

the Kapton tribo layer is traced on the electrode, the as-developed mini-

vehicle carries the drug and transports it from one side to the other.  

Most of the materials are being utilized for TENG device manufacture 

and real-time application demonstration. Also, most of the devices 

consist of non-biocompatible or not eco-friendly materials been 

integrated. Though some eco-friendly devices have been demonstrated, 

it shows lower power density compared to others. However, there is a 

further study that needs to be done in order to improve the existing 

TENG performance. Surface functionalization is an appropriate method 

and can improve the performance of environmentally friendly materials. 

1.4 Motivation: 

Despite having several merits of PENG and TENG devices, the device 

implementation towards sustainability and higher output performance 

still in its infant stage. In the case of PENG devices, a wide variety of 

materials such as PZT, ZnO, ZnS, BaTiO3, PVDF, AlN, GaN, and so on 

has been demonstrated. Among them, ZnO-based piezoelectric 

materials have gained tremendous interest due to their unique features 

such as non-centrosymmetric structure, low fabrication cost, and eco-

friendliness. Based on the literature, doping is identified as one of the 

effective approaches to enhance the PENG device performance. Hence, 

to improve the performance of pristine ZnO-based devices, doping with 

III-IV group elements (B, Al, Ga, In, Pb, Sn) has been employed due to 

similar ionic radii with Zn2+. Besides, most ZnO-based PENG devices 

have been developed on a rigid substrate such as ITO, GaN, sapphire 

glass, silicon, metal sheets, and plastic fibers. But it has been observed 

that these substrates are rigid, not even biodegradable, through which 

the mechanical energy is difficult to harvest from an intricate position 



19 
 

of the substrate. Moreover, such substrates increase environmental 

pollution and reduce the profit in the consumer trades. Therefore, green 

and recyclable substrates could be an appropriate alternative for 

fabricating electronic devices. 

In the context of TENG, the materials are arranged based on the surface 

charge density value. The PET layer is often employed as a positive 

charge material in the flexible TENG device fabrication. The lower 

electron affinity material can quickly transfer the charge from the higher 

affinity material by contact triboelectrification. The reason for 

preferring the PET-based material is recyclable, abundantly used in day-

to-day life, very low electron affinity, a wide range of options, and 

flexibility. Similarly, to enhance the output performance of the TENG, 

many factors have to be considered, such as surface contact area, 

mechanical force, contact speed, material work function, and relative 

humidity. Many reports are available related to material work function 

and various device architectures. Recently, the researchers are 

concentrated to modulate the surface charge density and increasing the 

output performance of the materials by chemical and physical 

modification. Several methods have been involved in the chemical 

modification process, such as ion injecting, fluorinated surface, and 

molecular targeting functionalization. However, limited methods 

evolved effectively in the physical modification, such as laser surface 

modification, lithography, molding, and imprinting to enhance the 

surface contact area of the device. Laser surface patterning (LSP) can be 

employed to develop various macro, micro, and nano features with high 

spatial resolution. It has potential advantages such as less processing 

time and no requirement of masks or toxic chemicals to develop the 

structures. Likewise, LSP is a simple method that changes the chemical 

and surface properties of the material. 

In this work, initially, we have developed the eco-friendly tin-doped 

ZnO PENG device. We also investigated the device's physical properties 

and piezoelectric performance and studied its practicability. 

Subsequently, the commercial PET material performance has been 

enhanced with laser 3D pattern and interfacial layer effect. The as-
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fabricated TENG device was demonstrated under various mechanical 

parameters to investigate its energy harvesting ability.  

1.5 Objectives: 

In this work, we have focused on developing sustainable energy 

harvesting devices to supplement the battery and improve the viability 

of electronic devices. For both PENG and TENG, device performance 

has been improved by doping and laser surface patterning with an 

interfacial layer effect. In this context, the objectives can be realized by 

the following categories,  

(1) Development of eco-friendly piezoelectric nanogenerator 

(2) Development of 3D patterned triboelectric nanogenerator 

(3) Enhancement of patterned triboelectric nanogenerator performance. 

These categories are further detailed in the following chapters  

1.6 Overview of the thesis: 

Chapter 1: Introduction: 

A brief introduction about energy harvesting and categories. The 

fundamental and significance of mechanical energy harvesting and its 

process in light of current advancements are elaborated. 

Chapter 2: Overview of the energy harvesting technologies: 

Describes the detailed literature survey on piezoelectric materials and its 

applications. Similarly, various surface modification methods involved 

in triboelectric performance enhancement.  

Chapter 3: Development of Sn doped ZnO-based eco-friendly 

piezoelectric nanogenerator for energy harvesting applications. 

Present Eco-friendly piezoelectric device fabrication and its 

performance improvement by Sn doping. The device was demonstrated 

to harvest non-uniform mechanical load condition like musical drums.  

Chapter 4: Enhancement of Triboelectric Nanogenerator Output 

Performance by Laser 3D-Surface Pattern Method for Energy 

Harvesting Application. 
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We have introduced an alternative method for triboelectric output 

enhancement by continuous laser surface modification method. The eco-

friendly material was chosen and improved its surface characteristics 

which increased the TENG performance. The laser power and 

mechanical parameter were optimized and demonstrated for energy 

harvesting applications.  

Chapter 5: Enhancement of line patterned triboelectric output 

performance by an interfacial polymer layer for energy harvesting 

application. 

Introduced the interfacial layer for enhancing the line patterned 

triboelectric nanogenerator output performance. The interfacial layer 

mechanism has been described and theoretically verified by COMSOL 

simulation.  

Chapter 6: Conclusion and the scope for future work. 

Key out comes of the work consolidated and the future scope of this 

works are coined.  
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Chapter 2 
Literature survey 

  
2.1 History of the piezoelectric materials, devices, and development: 

The piezoelectric effect was discovered by the Curie brothers in 1880; 

since then, there have been tremendous enhancements in the 

development of piezo devices and found a lot of natural and synthetic 

piezoelectric materials. The road map of the piezoelectric invention is 

shown in figure 2.1 [59]. Each stage of piezoelectric development 

brought new perceptions and research problems with a solution that 

helps establish to novel applications. Further, the piezo material is 

classified into six categories such as III-V & II-IV semiconductors, 

synthesized crystals, naturally occurred crystals, polymers, perovskite, 

and micro/nanocomposites.  

 

Figure 2.1 road map of the piezoelectric developments [59] 

2.2 Classification:  

The piezoelectric materials have remarkable anisotropy properties when 

the elastic and electric fields are linked to each other. The external stress 

or mechanical load shifts the position of the atom/molecule to form net 
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dipole moments, which leads to polarization and electric field. 

Therefore, the materials category are briefly discussed in the following 

section.  

2.2.1 Natural crystal: 

Many naturally occurring crystals possess the non-centrosymmetric 

feature, including Berlinite, Sucrose, Rochelle salt, Macedonite, 

Tourmaline, and Quartz. Nevertheless, all of those materials perform 

poorly due to the piezoelectric coefficient except Quartz and 

Macedonite [60].  

2.2.2 Synthesized crystal: 

Numerous researchers have attempted to create highly efficient crystals 

in an effort to replicate nature. Some piezoelectric crystals developed in 

the laboratory are langasite, gallium orthophosphate, lithium-niobate, 

and lithium tantalate [25]. Since the motivation of the work concern the 

synthesized crystal is not eco-friendly.  

2.2.3 Perovskites: 

A typical formula of ABO3 is derived for piezo perovskite ceramics, 

where A and B are metal cations and O is an anion. In the past decades, 

this category has produced the most well-known piezoelectric materials. 

In particular, the PZT or lead-based Perovskite materials have a high 

piezoelectric coefficient and electromechanical coupling coefficient. 

However, those materials are subjected to RoHS guidelines by European 

Union due to their toxicity, pollute the environment and un eco-friendly 

fabrication techniques [25]. To overcome this issue, the researchers 

developed alternative perovskite ceramics such as Barium Titanate and 

Potassium Niobate. Hence, the EU recommends that these ceramics be 

an appropriate choice to substitute lead-based ceramics with analogous 

functional properties [60-62].   

2.2.4 Polymers: 

Limited synthetic polymers are listed in the piezoelectric materials such 

as polyvinylidene fluoride (PVDF), trifluoroethylene, 

chlorofluoroethylene, and their copolymers PVDF:TrFE and 

polypropylene. This family group of polymers is more flexible and has 

high durability at higher applied forces, though they have a low 
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piezoelectric coefficient [25]. Additionally, they considered poly-

dimethyl siloxane to be a crucial component of composite piezoelectric 

materials in addition to flexibility (PDMS). 

2.2.5 Composites: 

Piezoelectric composites fall under a distinct class of materials due to 

exceptional flexibility and adaptability. In addition, it has strong 

coupling coefficients, minimal acoustic impedance, acceptable 

biocompatibility, great mechanical flexibility, and broad bandwidth in 

conjunction with a low mechanical characteristic. The first 

piezoceramic-polymer composite was reported in the year of 1972 by T 

Kitayama, where PZT powder blended with PVDF and constructed the 

device with piezoelectric and pyroelectric properties. The composite 

shows enhanced performance compared to pristine PVDF. 

2.2.6 III-V and II-IV semiconductors: 

III-V and II-IV semiconductors group materials can generate the piezo 

potential owing to the non-centrosymmetric structure and polarization 

of ions when the external force is applied. Generally, all the piezoelectric 

semiconductors have the Wurtzite structure, which is one of the main 

properties of piezoelectricity. i.e., Gallium Nitride, Indium Nitride, 

Aluminium Nitride, and Zinc Oxide (ZnO) [62]. Since 2006, the 

substantial research report has increased on ZnO piezoelectric devices 

due to its inherent material characteristics like biocompatibility, vast 

materials structures, and piezoelectric coefficient. Detailed information 

about ZnO and its recent trends in PEH is discussed in the next section.  

2.2 An overview of the ZnO: 

The extensive usage of semiconductors in electronics devices and 

sensors and improved production methods, the research trend in 

semiconductor materials has grown in this century. 

Particularly, ZnO is an intrinsic semiconductor with distinct physical, 

chemical, and structural properties, which gives considerable attention 

to the scientific community [63]. ZnO falls under the II-VI 

semiconductor material family with a broad band of 3.3 eV and large 

exciton binding energy of 60 meV. ZnO has unique features such as a 

non-centrosymmetric structure with a wurtzite structure, high modulus 
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of elasticity, and high piezoelectric tensor [65]. In addition, it can 

incorporate other semiconductor materials without losing their parent 

property, large-scale manufacturing ability, low cost, and high bio-

compatibility [64]. Moreover, it has comprehensive application options 

such as UV sensors, gas sensors, glucose sensors, and energy harvesting 

devices like drug delivery systems, glowing lower power LEDs, etc 

[62].  

Since device structure is crucial to piezoelectricity, ZnO has various 

nanostructures options, including nanoplates, nanowalls, nanotubes, 

nanoflowers, and nanowires. However, due to crystal structure with 

asymmetric charges, nanorods exhibit substantial reports are available 

in the PENG device and sensors. Therefore, the information on the 

impact of variously oriented ZnO nanowires on the creation of PENG 

devices is provided in the next section. 

2.2.1 Lateral Nanowires: 

Various micro/nano device has been developed with an array of ZnO 

nanowires or a single nanowire for numerous applications (Figure 2.2). 

A single ZnO nanowire flexible device was fabricated with a silver paste 

electrode, shown in Figure 2.2 (a) [66]. When the device bend or twists, 

the uniaxial tensile strain causes the piezoelectric potential along the 

ZnO nanowire, which drives the electron to the external circuit. A pulse 

signal has generated continuously while the device is bending and 

releasing process. The device delivers an open circuit electric potential 

of 20-50 mV and a short circuit current of 400-750 pA, which is very 

low and hinders its application (Figure 2.2 (b)) [67]. Hence, several 

lateral ZnO nanowires were directly integrated into a single device in 

order to enhance the output of ZnO-based PENG. Almost 700 nanowire 

rows were developed on a flexible substrate, and each row contained 

around 20,000 nanowires which showed high flexibility of the device 

(Figure 2.2(c)) [68]. When a linear motor stretches the device with the 

strain of 2.13%, it generates an average of 1.2 V and 26 nA. As a result 

of the various straining rates in the releasing and stretching operations, 

the PENG output peaks' significantly varying magnitudes are detected. 
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Nevertheless, the generated output is insufficient to power the electronic 

devices. The performance can be enriched by increasing the intensity of 

the nanowires. Zhu et al. developed a high-output PENG device with 

lateral nanowires (NWs) by a sweeping printing method shown in Figure 

2.2(d) [69]. 
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Figure 2.2 ZnO-based lateral nanowires (a&b) single nanowire 

PENG device [66,67], (c) flexible nanowire array [68], (d) sweeping 

printed flexible nanowire PENG device [69].  
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For the sweeping printing method, initially, the vertical ZnO nanowires 

were fabricated on silicon substrate by physical vapor deposition. Later, 

it was transferred on the Kapton substrate by sweeping shear force, and 

the average density was 1.1*106 cm2. Around 600 rows of Au electrodes 

were deposited with a gap of 10 µm by photolithography for the ZnO 

NWs device. PDMS was finally employed to pack the complete device 

in order to further insulate the device from an intrusive environment of 

humidity and corrosive chemicals and to increase mechanical durability. 

This device attained up to 2.03 V and 11 mW/cm2 of power density 

which was used for powering the commercial LEDs [70]. Similarly, the 

conical coated ZnO NWs were developed and generated macroscopic 

electric potential. The generated power was adequate to power the LCD. 

However, these methods are limited to industrialization due to their 

complex process and expensive. To overcome this problem, the 

researcher has made a substantial effort to introduce an alternative 

approach with a simple and cost-effective process.  

2.2.2 Vertical nanowires: 

The vertically grown ZnO nanowire arrays with stable polar orientation 

can be used to harvest the mechanical energy and convert it into 

electrical potential. The solution-based wet-chemical process is one of 

the most reliable methods for developing vertical ZnO nanowires 

(Figure 2.3(a)) [71]. It can be also used to fabricate structures even at 

low temperature of 80˚C on different substrates. The pre-sputtering seed 

layer can effectively control the nanowire's uniformity and alignment. 

This method offers a high volume, low cost, and precise manufacturing 

of PENGs. In this context, a significant number of flexible PENGs were 

created, facilitating the development of portable electronics that can run 

independently. Choi et al. developed a completely flexible vertically 

aligned ZnO NWs in 2010 for PENG application [72]. The mechanism 

of this particular nanostructure is also similar to the lateral ZnO NWs. 

At the ZnO nanowires and metal electrode interface, the piezoelectric 

potential-induced electron flow was regulated by the Schottky barrier. 

However, these device electrodes can cause problems with mechanical 

durability when building a flexible device, which reduces endurance and 
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consistency. Therefore, the Carbon nanotube conductive electrode was 

used and increased the stability and flexibility compared to others 

(Figure 2.3(b)). Hu et al. fabricated PMMA coated ZnO nanowire array 

PENG device in 2011 shown in Figure 2.3(c) [68]. The maximum output 

of 20 V and 8 µA were generated. Electron flows were induced in the 

external load caused by a repeated mechanical deformation given to the 

device by combining the electrostatic induction with the piezoelectric 

effect. Lee et al. fabricated a highly flexible PENG device with Al foil 

(18 µm) which performed as a substrate and electrode [73]. The device 

was used to harvest small movements from the human face and 

generated an output voltage of 200 mV and a current of 2 nA. It has an 

excellent ability to work with the biomechanical sensor. 
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Figure 2.3 various vertical ZnO nanowires (a)hydrothermal grown 

NWs (b) NWs on graphene substrate (c) super flexible NWs on 

aluminium substrate (d) vertically grown NWs on textile fibre  
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Figure 2.3(d) illustrates the ZnO NWs coated fiber PENG device for 

harvesting low-frequency vibration. The mechanical energy was 

converted into electrical potential when the nanowires stroked on the 

entangled fibers. Lee et al. also developed PVDF coated ZnO nanowires 

for low-frequency mechanical forces. The device has harvested the 

energy from human elbow movements and generates 0.1 V and 16 µW 

cm-3. Similarly, Lee et al. and Li et al. developed fiber-based ZnO PENG 

devices with high flexibility [74-75]. The output voltage and average 

current density of this device were 3.2 V and 0.15 A cm-2, respectively. 

This PENG may be used to build highly fragile cardiac sensors. 

The piezoelectric coefficient (dzz) of n-type ZnO is greater than that of 

eco-friendly piezo semiconductors. Due to the free charge carrier in n-

type ZnO Semiconductor, the screening effect takes place to decrease 

the performance. In the semiconductor industry, defect engineering is 

key to increasing the device's functionality. Therefore, the ZnO device 

is also used in this approach to improve performance and increase 

applicability. Therefore, the researchers have significantly reduced free 

charge carriers by doping, annealing, and hetero junction methods. 

Doping is the controlled addition of impurities to the intrinsic 

semiconductor to alter its structural, optical, and electrical 

characteristics. 

2.2.3 Various dopants for ZnO: 

Doping is the introduction of foreign material in the intrinsic 

semiconductor to modulate its inherent properties such as electrical, 

optical and structural properties. The foreign atoms can supress the free 

charge carrier concentration in the ZnO piezoelectric material. There are 

several materials are doped in the ZnO lattice like rare earth elements, 

transition metal, and lanthanides.  

The thermal solubility of the 3d-transition metal is 10 mol% higher than 

ZnO, which influences the spins quantity and charge carriers of the 

intrinsic ZnO properties [76]. Also, the piezoelectric coefficient of ZnO 

is 9.9 pC/N for a bulk and 12.4 pC/N for an oriented film, two orders 

lower than other materials [77,78]. Thus, numerous studies have 
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attempted to examine the doping effects of the ZnO piezoelectric 

characteristics. Pan et al. used the co-sputtering technique to dope 

Vanadium into ZnO. It was noticed the piezoelectric coefficient 

enhanced 10 times greater than pristine [79,80]. 

Similarly, Gupta et al. used a solution-based approach for doping 

vanadium into ZnO. The device was developed with a 2D ZnO 

nanosheet which attained a high current density of 1 µA/cm2 with a 0.5 

kgf load [81]. However, the piezoelectric coefficient is low, though it 

has ferroelectric characteristics. Ong et al. studied the influence of 

Copper doped ZnO behavior [82]. It observed that the dzz
 improved to 

80 pm/V, nearly 4 times higher than pristine ZnO. However, none of the 

transition metal doping techniques produced the desired output 

increases. In addition, the other transition dopants also give a similar 

phenomenon. As a result, the simultaneous studies of various dopants, 

such as alkali metals, post-transition metals, and nonmetals, on the 

piezoelectric property were explored. Several reports are doping with 

III- IV group elements (B, Al, Ga, In, Pb, Sn) which attain significant 

output performance than others [83-86]. Among these dopants, Sn is 

more compatible with the Zn due to close ionic radii (Sn4+ - 0.69 Å & 

Zn2+ - 0.74 Å). This enables Sn to fit into the lattice with minimal lattice 

distortion easily and enhances the electron carrier concentration [87-89]. 

Many studies have been reported on the physical and electrical 

characterizations of Sn-doped ZnO materials [90-92]. However, it has 

not been explored much in the piezoelectric performance enhancement.  

2.3 literature survey on surface-modified TENG: 

Though many factors influence the performance enhancement, such as 

work function, contact area, mechanical force, and speed, several 

techniques were reported with material work function and device 

architecture. However, there isn't much attention paid to boosting the 

material's surface charge density. Typically, chemical and physical 

modification are the potential methods for enhancing the surface charge 

density of triboelectric materials. Numerous methods have been 

involved in the chemical modification process, such as ion injecting 

[93,94], fluorinated surface [95], and molecular targeting 
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functionalization. However, limited methods evolved effectively in the 

physical modification, such as laser surface modification [96-100], 

lithography [101,102], moulding [103,104], and imprinting [105] for 

enhancing the surface contact area and charge density of the device.  

This section reviews various methods involved in surface modification 

of the TENG.  

Photolithography: 

In 2012, Feng et al. modified the surface of the PDMS with three 

different patterns (pyramid, line, and cube) using a photolithography 

method to enhance the surface contact area shown in Figure 2.4. Among 

them, the pyramid pattern attains higher performance than the plain 

surface and other patterns.  

 

Figure 2.4 Photolithography modified PDMS surface with three 

different architectures 
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This structure has increased the capacitance and triboelectrification that 

enhanced the final output of the TENG. The generated output voltage 

and current of 18 V and 0.7 μA are four times higher than previous 

reports. Also, it has been demonstrated as a self-powered high-sensitive 

pressure sensor. 

Self-assembly block copolymer: 

Chang kyu et al. reported robust surface-modified method to fabricate 

nanoscale tune up the surface by block copolymer process in 2014, 

which enhances the surface characteristics of TENG. Three different 

nanostructures have been developed on a silica substrate for one part of 

the tribo layer, as shown in Figure 2.5.  

 

Figure 2.5 Block copolymer patterned nanostructures and their 

TENG performance 
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The performance enhancement of the TENG depends on the geometrical 

widening factor (WF) value. Hence the WF calculated concerning the 

flat surface morphology, approximately (nanodots, nanogrates, and 

nanomeshes) 45%, 55%, and 70%. As a result of this surface 

modification process, self-assembled BCP nanostructures with various 

WFs were crucial in boosting the friction effect and contact charging 

area in the triboelectric power generation. Comparatively, the nanomesh 

design attains 6.3 times higher performance than nonpattern TENG. The 

device generated an output voltage of 130 V and a current of 2.8 mA.  

Mold replication method: 

In 2016, Lokesh et al. demonstrated patterned TENG for a self-powered 

finger motion sensor. The pyramid pattern was built by the mold 

replication method, which is a low-cost-based sensor fabrication process 

and enhanced the TENG performance (Figure 2.6 (a-d)). Eventually, the 

human finger motion generated a peak voltage of 70 V and a current 

density of 2.7 μA/cm2 with a 5 MΩ load resistance.  

 

Figure 2.6 Mold replication patterning process 
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Roll-roll patterning:  

In 2016, Lokesh et al. developed a large-scale TENG and self-powered 

pressure sensor using roll-to-roll UV embossing. Five different surface 

patterns have been investigated for the influence of morphology on 

TENG performance (Figure 2.7). Among them, large scale S3 device 

attains higher performance than others due to enhanced surface contact 

area and surface characteristics. Peak-to-peak voltage and current 

produced by LS-TENG were 344.63 1.37 V and 18.12 0.13 A, 

respectively. With the use of palm tapping, LS-TENG was shown to 

produce a power of 62.5 mW m2. In addition, it shows the detection 

sensitivity of 1.33 V kPa-1. 

 

Figure 2.7 3D surface morphology of the various patterns and 

their voltage generation with the same force level. 

Thermal imprinting lithography: 

Bhaskar et al. proposed a low-cost, simple fabrication method of thermal 

imprinting lithography (TIL) for surface modification to enhance 
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triboelectric performance. The PTFE material was used for the surface 

patterning, and different morphology was generated with respect to 

varying imprinting forces (Figure 2.8). Additionally, the maximum level 

of surface roughness created by the micro-grooved architecture (MGA) 

PTFE polymer increased the effective contact area and surface charge 

density between the PTFE and Al electrodes of TENG. As a result, 

TENG's electrical output performance was improved. However, the 

optimized MGA-TENG generates the maximum output voltage, current, 

and charge density of ∼320 V, 15 μA, and 44 μC m-2, respectively.  

 

Figure 2.8 Schematic of MGA TIL process, device assembly, and 

surface morphology. 

Sandpaper template patterning: 

Xu-Wu et al. proposed a novel methodology to improve the surface 

characteristics of the TENG layer by sandpaper templating. Different 

sandpaper grit sizes achieved various surface morphology, as shown in 

Figure 2.9.  
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Figure 2.9 SEM images of copper and PTFE patterned surface 

with different grit sizes 

Several combinations of morphologies were organized and investigated 

their TENG performance. Compared to plain and single-side surface 

patterns, the two-sided pattern attains maximum output voltage, current 

density, and transferred charge quantity of 200 V, 3.89 mA/m2, and 76 

nC due to sufficient frictional contact and improved charge density.  

Laser surface patterning: 

The above processes have their limitations, such as size control, poor 

scalability, low throughput yields, and the requirement of an expensive 

high vacuum system during the fabrication process. Though the surface 

replication process has shown substantial triboelectric enhancement 

[104,105], the development and pouring of liquid phase material at 

micro/nanoscale mold is complex and expensive compared to other 

techniques. Hence as an alternative texturing process is needed to reduce 

the complications in fabrication procedures and increase the production 

rate.  

Compared to other processes, laser texturing provides an enhanced 

surface contact area of the substrate [106], which is the key factor for 

the enhancement of triboelectrification. Also, this process can develop a 

consistent (as desired) pattern. Laser surface patterning (LSP) can be 
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employed to develop various macro, micro, and nano features with high 

spatial resolution. It has potential advantages such as less processing 

time and no requirement of masks or toxic chemicals to develop the 

structures [107,108]. LSP is a simple method that changes the chemical 

and surface properties of the material. In the LSP process, the optical 

energy irradiated on the top surface leads to the heating of the material. 

Consequent irradiation would melt or evaporate the material and 

eventually causes patterning of the surface. The non-contact feature of 

the LSP process helps avoid contamination and oxidation failures in the 

TENG device. There are few studies on using a laser to modify the 

substrate to fabricate the TENG device. Ji Huang et al. have developed 

different hierarchic structures by femtosecond (fs) laser direct writing 

method (Figure 2.10) and enhanced the output performance by 21 times 

compared to pristine TENG [109]. R. Wang et al. have developed laser 

textured, low-cost biodegradable TENG devices for self-powered nano-

systems [110]. Kim et al. have used an fs laser texturing on the 

polydimethylsiloxane layer and improved the output power by two folds 

[111]. Therefore, laser surface patterning is a suitable candidate for 

enhancing the performance of TENG devices.  

 

Figure 2.10 SEM images of various laser patterned structures and 

3D surface topography.  

2.4 Summary 

Most of the PENG and TENG device materials and their substrates are 

not recyclable and biocompatible to the ambient. Additionally, the 

existence of few recyclable and biocompatible PENG and TENG 
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materials shows lower power density compared to the counterpart 

materials, which are due to different physical and chemical attributes. In 

general, various approaches have been employed to enhance the PENG 

and TENG material performance. In particular, for improving PENG 

materials properties, doping, annealing, and interfacial modification 

techniques have been used. Similarly, to enhance the output 

performance of the TENG, many factors have to be considered, such as 

surface contact area, mechanical force, contact speed, material work 

function, and relative humidity. Many reports are available related to 

material work function and various device architectures. Recently, the 

researchers are concentrated to modulate the surface charge density and 

increasing the output performance of the materials by chemical and 

physical modification. Several methods have been involved in the 

chemical modification process, such as ion injecting, fluorinated 

surface, and molecular targeting functionalization. However, limited 

methods evolved effectively in the physical modification, such as laser 

surface modification, lithography, molding, and imprinting to enhance 

the surface contact area of the device. 

This thesis work was directed with the flowchart shown in Figure 2.11. 

After thorough literature survey, the motivation and objective of the 

thesis formed and carried out with the same. Initially, we have 

developed the eco-friendly tin-doped ZnO PENG device. We also 

investigated the device’s physical properties and piezoelectric 

performance and studied its practicability. Subsequently, the 

commercial PET material performance has been enhanced with laser 3D 

pattern and interfacial layer effect. The as-fabricated TENG device was 

demonstrated under various mechanical parameters to investigate its 

energy harvesting ability.  
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Figure 2.11 Flow chart of the thesis 
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Chapter 3 

 
Development of Sn doped ZnO-based eco-

friendly piezoelectric nanogenerator for 

energy harvesting applications 

 
3.1  Introduction 

Most of the PENG devices have been developed on a rigid substrate such 

as ITO, GaN, sapphire glass, silicon, metal sheets, and plastic fibers 

[19,20]. It is observed that these substrates are rigid, not even 

biodegradable, through which the mechanical energy cannot be 

harvested from the intricate position of the substrate. Moreover, such 

substrates are increasing environmental pollution. Therefore, green, 

raw, and recyclable substrates could be an appropriate alternative for 

fabricating electronic devices.  

This chapter focuses on a novel approach adopted to investigate the 

piezoelectric response of Sn doped ZnO thin film on the paper substrate, 

where the effect of different doping concentrations was studied. The thin 

film was developed on the paper substrate via the drop-casting method, 

where different doping concentrations of Sn such as 2.5 %, 5 %, 7.5 %, 

and 10% were optimized. The morphology and crystallinity of doped 

ZnO thin film were characterized by field emission scanning electron 

microscope (FE-SEM), X-ray diffraction, and Raman spectra, 

respectively. Further, the piezoelectric performance of the synthesized 

PENG device was evaluated with the application of load via a linear 

motor. Therefore, such devices can be used in drums and musical 

instruments where the non-uniform impulsive load is usually applied.  
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3.2    Experimental 

3.2.1 Synthesis of Sn doped ZnO 

Materials 

Zinc nitrate hexahydrate [Zn (NO3)2·6H2O, 98%, Sigma Aldrich], and 

Hexamethylenetetramine (HMTA) [C6H12N4, 99%, Sigma Aldrich] 

were used to grow the ZnO nanostructure. Tin Chloride II [SnCl2.2H2O, 

98%, Sigma Aldrich] was used for doping. Polyvinyl alcohol (PVA) 

[(C2H4O)n Tokyo Chemical Industries] was used as a binder for the 

composite thin film. 

Synthesis of ZnO powder 

The Hydrothermal (or solvothermal) method is a useful technique for 

developing 1D nanostructures such as nanowires, nanoneedles, flowers, 

and nanorods. Here, a wet chemical reaction occurs upon dissolving 

precursors in the water/organic solvents at temperatures between 50°C 

to 250°C. This method is efficient for the synthesis of ZnO 

nanostructures to attain more crystalline defects, which lead to more 

oxygen vacancies, and thereby inherent defect improves the optical and 

electrical properties of ZnO nanostructures. Co-precipitation using the 

hydrothermal method is known to have a uniform dispersion [112,113]. 

Furthermore, the hydrothermal method takes place at low temperatures, 

which avoids phase transformation compared to other techniques. The 

50 mM Zinc nitrate hexahydrate salt was taken as the precursor of the 

ZnO solution. It was dissolved in 60 ml of deionized (DI) water and 

stirred vigorously for 30 min to attain a transparent and homogenous 

solution.  

 

Figure 3.1 Schematic diagram of ZnO synthesis and film 

deposition 
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During stirring, the HMTA was added to maintain pH seven by 

increasing the OH- ions and precipitation of Zn2+ ions [114,115]. In case 

of doping, SnCl2 flakes was introduced along with Zn precursor salt 

itself at different Sn concentration (2.5%, 5%, 7.5% and 10%) [83, 116].  

Then HMTA was added during stirring, which turned the doped solution 

into a milky color. After stirring, the solution was kept in a hot air oven 

for 6 hr at 95o C. The as-formed precipitate was cleaned several times 

by centrifugation with DI water. The collected precipitation was dried 

at 90o C for a few hours. Figure 3.1 shows the schematic diagram of the 

material synthesis and device fabrication process.  

3.2.2 Fabrication of paper-based PENG: 

The photographic paper sheet of dimension 2.5 cm ˟ 2.5 cm ˟ 0.0254 cm 

was used as the substrate for fabricating piezoelectric device. The 

carbon conductive ink was deposited as the bottom and top electrode of 

the device using the brush coating method [117]. Each electrode was 

coated four times to ensure film quality and uniformity. After coating, 

the electrode was dried at room temperature. Meanwhile, 5 gm of PVA 

salt was dissolved in 100 ml of DI water and stirred well for 2 hr at 95 

oC. This has yielded a transparent viscous solution without thermal 

decomposition of the polymer [118]. The as-synthesized ZnO/ZnO+Sn 

powder (mg) was mixed in viscous PVA solution (ml) at 10:1 ratio 

[119,120]. The mixture was drop cast to form the film and cured at 90oC 

for an hour. The connections were taken from the top and bottom 

electrodes using 0.1 mm copper wire with silver paste. Then the device 

was covered with anti-static tape to prevent the electrostatic effect. The 

developed PENG device schematic is shown in Figure 3.2.  
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Figure 3.2 Schematic of Sn doped ZnO piezoelectric device 

3.2.3 Characterization 

The surface morphology and Energy Dispersive X-Ray spectroscopy 

(EDS) of doped and pristine powders were examined using a field 

emission scanning electron microscope (FESEM, Carl Zeiss Sigma 

series supra-55). The crystal structure and phase pattern were evaluated 

by powder XRD analysis with two thetas from 30o to 70o (Rigaku Smart 

Lab system). Raman spectra was used to study the Lattice defects and 

vibrational modes of doped and pristine samples between 300 to 800 

cm−1 wavenumbers with an excitation wavelength of 514 nm (LabRAM 

HR Evolution; Horiba, Japan). The piezo output performance and I-V 

characteristics were measured using the Keithley 2612B source meter.  

3.3 Result and discussion 

The Sn doping concentration was optimized based on piezoelectric 

performance. We have observed improved piezoelectric response for the 

Sn doping concentration occurs until 2.5 %, and the performance 

degradation takes place for the Sn doping > 2.5 %. Therefore, we have 

not discussed the effect of higher doping concentrations of PENG 

devices in this study. 
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3.3.1 X-ray diffraction and Raman spectroscopy 

Figure 3.3 (a) shows the XRD graphs of pristine and Sn-doped ZnO 

crystalline structures. The ZnO crystallinity and different crystal phases 

were confirmed with diffraction according to the JCPDS data file 

(no.36-1451). We have observed dominant peaks of ZnO with various 

planes, ensuring the crystalline structure. However, any predominant 

secondary phase of Sn was not detectable from XRD graphs. Moreover, 

we have observed significant peaks' intensity reductions for 2.5% Sn 

doped ZnO nanostructures. This might be due to smaller ionic radii of 

Sn4+(0.069 nm) ions than Zn2+(0.074 nm), where the Sn4+ dopant ions 

trigger Zn2+ parent ions in the ZnO plane by the substitutional effect 

[89,121]. In the case of 5% Sn doped ZnO, the c-axis peak intensity 

reduced and shifted towards a higher angle, which could be attributed to 

more occupancy of Sn4+ ions in the ZnO lattice [89,90,122] (Inset of 

Figure 3.3 (a)). In addition, the shape of nanorods has evolved and 

reduced crystallinity. These results confirmed that the higher 

concentration of Sn led to deterioration in the crystallinity and peak 

intensity of as-developed nanostructures. 

Figure 3.3 (b) shows the Raman analysis of Sn doped, pristine ZnO 

crystallinity, and lattice defects. The C6v4-P63mc space group 

described the hexagonal wurtzite structure of pristine ZnO crystallites 

and lattice defects. The irreducible representations (Γ = 2A1 + 2E1 + 2B1 

+ 2E2) lead to classifying the different modes of hexagonal structure, 

such as twelve phonon modes, nine optical phonons, and three acoustic 

modes. A1 and E1 are denoted as Infrared and Raman active modes that 

are divided into the transverse and longitudinal optic modes. E2 mode 

consists of low and high-frequency phonons in Raman active mode, 

whereas B1 is inactive Raman mode [123-125]. The predominant sharp 

peak of pristine ZnO hexagonal wurtzite phase and good crystallinity 

was confirmed at a wavenumber of 438 cm-1, which belongs to E2 high 

phonon mode and is accompanied by oxygen sublattice [126-128]. 
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Figure 3.3 (a) X-ray diffraction pattern of doped and pristine ZnO 

powders (b) Raman shift of doped and pristine samples 

The broad peak of 337 cm-1 wavenumbers was assigned to 

second-order Raman phonons (E2 high-E2 low). The weak peak of 397 

cm-1 was consigned to A1 transverse phonon mode. The peak intensity 

deteriorated upon doping Sn, which might be due to the formation of 
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Sn-ion. In general, the high intensity of Raman active E2 mode is usually 

attributed to the better optical and crystalline properties of the material 

(undoped ZnO). Herein, the low intensity of E2 mode observed in Sn-

doped ZnO indicates the reduced crystallinity of ZnO upon the 

formation of Sn-ion [129,130]. A significant peak was exhibited at 570 

cm-1 that confirming the Sn doping. The broad peak of 534 cm-1 and 585 

cm-1 are attributed to A1LO and E1 LO. The broad peak confirms Sn 

occupies into ZnO lattice, while the Raman peak shift and broadening 

effect are relevant to particle size [125,131,132]. Above 2.5% Sn 

concentration degrades Raman spectrum peak intensity, which is due to 

crystalline defects of doped ZnO nanostructure. In the case of XRD, the 

excess Sn4+ occupies in ZnO Lattice structure via interstitial defect, 

suppressing the crystallinity.  

3.3.2 Surface morphology 

Figure 3.4 shows the FESEM images and EDS graphs of Sn 

doped and pristine ZnO nanostructures. The dominating elements of Zn 

and Sn were confirmed through EDS characterization. It was observed 

(figure 3.4(a)) that the synthesized ZnO nanoparticles have attained a 

hexagonal nanorod shape. But the Sn doped ZnO has a variation in 

hexagonal nanorod. This may be due to the effect of Sn ions in ZnO 

observed in figure 3.4(b, c). The diameter of the nanorods has increased 

with the increase in dopant concentration. The increase in diameter of 

the ZnO nanorods can be ascribed to the intrusion of Sn4+ ions in the 

interstitial spaces of the ZnO crystal structure. Furthermore, the increase 

in the interspaces with the increment in doping as reported in the study 

from the literature [133 and references therein]. Using ImageJ software, 

the diameter of nanorods was measured for pristine ZnO, 2.5%, and 

5%Sn doped ZnO of 185 nm, 230 nm, and 250 nm, respectively. EDS 

graph revealed the presence of Zn and O elements in pristine ZnO 

(Figure 3.4(d)) and typical Sn peak observed in the doped sample 

(Figure 3.4 (e,f)). 
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Figure 3.4(a)  FE-SEM image of pristine and (b-c) Sn doped 

ZnO powder nanostructure and (d, e, f) shown the elemental 

analysis graph(EDS) 

3.3.3 Electrical characterization of PENGs  

Piezoelectric Output response: 

To evaluate the piezoelectric performance, the device was tested using 

a linear motor drive actuator with compressive mechanical stress of 30 

N and a frequency of 5 Hz. The compressive stress distorts the ZnO 

lattice symmetry and leads to dipole formation. Due to the non-net zero 

dipole moment, the potential gets developed across the device. The non-

equilibrium in the charge center enables the electron to drive through the 
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surface top electrode to the bottom electrode [134] and generates the 

positive potential peak in measurement. On removal of the external 

stress from the device, the dipole moment gets vanishes. Then the 

electron flows back to the initial position and generates the negative 

potential peak [135].  

 

 

Figure 3.5 (a) and (b) voltage and short circuit current 

measurement of pristine and different percentages of Sn doping 

concentration. 
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Figure 3.5(a) and (b) show the output voltage and current of pristine and 

Sn doped PENG devices. It was observed that the pristine PENG device 

generates the peak-to-peak voltage and current of 3.86 V and 33.84 nA. 

It is essential to optimize the doping concentration to determine the 

highest performance. Thus, the Sn doping concentration was varied with 

a 2.5% interval. The 2.5% Sn doped PENG device has obtained higher 

output of 8.41 V and 67.92 nA, which is due to the Sn4+ ions producing 

two free charge carriers in the Zn2+ site via substitutional effect [136]. 

In our scenario, adding a binder to the material raises the device 

impedance even more. As a result of these factors, the device has a high 

voltage and low current value. Previous research has found a substantial 

relationship between dopant ionic radii and piezoelectric characteristics. 

Further, increasing the Sn concentration above 2.5%, the performance 

gradually degrades, which is due to the excess hole and defect 

concentration during the growth process and leads to the suppression of 

the piezoelectric performance. Hence, this effect lowers the 

piezoelectric potential for higher values of Sn doping (> 2.5%). 

Moreover, a greater number of Sn ions are unable to occupy their 

respective lattice position in the Zn lattice leading to the interstitial 

effect, which can also affect the piezoelectric potential [89,90,136]. This 

effect was hampering the generation of piezoelectric potential and 

current at 5% of Sn.  

Further investigation on the effect of charge carrier, V-I characteristics 

of Sn doped ZnO, and pristine ZnO samples were examined, which were 

plotted in absolute scale of current. The planar electrode of the device 

was developed with a gap of 500 μm schematic diagram of the V-I 

samples shown in Figure 3.6 inset image. It observed that the dark 

current decreased in 2.5% Sn doped ZnO sample due to excess free 

charge carrier. Further increasing Sn concentration (5%), more free 

charge carriers accumulated in the sample screening the piezo potential 

[137]. Hence resistivity influences the screening of piezoelectric output 

performance. 
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Figure 3.6 I-V characteristics of the pristine and 2.5% and 5% Sn 

doped ZnO PENG device 

Device demonstration: 

Further, the piezoelectric performance of the ZnO-based nanogenerators 

was demonstrated in musical drums application using the hand stamping 

method (figure 3.7).  

 

Figure 3.7 Shows the schematic diagram of the proposed 

application (musical drums) 
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The musical drums need to be hit with specific patterns at different loads 

to deliver the right music. Here, uneven hand stamping has been made 

over the device, having a load in the range of 4 N to 22 N. 940 MΩ load 

resistance was used across the circuit to measure the open-circuit 

voltage. The uneven hand-stamping induces compressive stress on the 

device [139,140].  

The major positive and negative potential peak is shown in figure 3.8(a). 

Based on the above mechanism, the pristine ZnO device characterized 

the piezoelectric performance and plotted graph shown in figure 3.8(b) 

and (c). The 4 N force applied by hand stamping has attained the least 

output voltage and current of 0.12 V and 1.2 nA. But the higher force 

(22 N) achieved a maximum output voltage, and a current of 2.15 V and 

17 nA is shown in Figures 3.8(b) and (c). The reason for applying a non-

uniform force on all the devices was based on drum stick musical 

playing. Based on the load variation, positive and negative peaks are 

displayed. The 2.5% Sn doped device has highly enhanced the output 

voltage, and current of 4.15 V and 36 nA for maximum force (22 N), the 

minimum force (4 N) has obtained the least voltage, and the current of 

0.18 V and 1.12 nA is shown in fig. 6(b) and (c). The 5% Sn doped ZnO 

device performance has obtained a lower output voltage and current of 

0.26 V and 12 nA at 22 N, shown in Figures 3.8(b) and (c). 
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Figure 3.8 (a) Positive and negative peak voltage at 22 N (b, c) 

open circuit voltage and short circuit current measurement of 

pristine ZnO and Sn doped ZnO PENG (d) IV characteristics of 

doped and Pristine ZnO 

Piezoelectric Power 

The paper-based piezoelectric nanogenerator was widely used as a 

sensor or self-powering system in MEMS applications. The proposed 

application is suitable for working with different hand stamping 
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conditions for harvesting piezoelectric power by paper PENG device, in 

the same way, all devices performed for power generation.  

 

 

Figure 3.9 (a) shows the derived graph of current and voltage  (b) 

power generation by the different doping concentration 

Maximum force leads to higher lattice distortion by strain phenomenon 

that generates more power. Figure 3.9(a) shows the maximum output 

voltage and current for different Sn doping concentration (0%, 2.5% and 

5%) for maximum force (22 N). The 2.5% Sn-doped ZnO device has 

attained maximum voltage (4.15 V) and current (36 nA) as compared to 

other Sn-doped ZnO devices. In particular, the higher output voltage 
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observed for the 2.5% Sn doped ZnO device is due to the reduced 

electrical conductivity or increase in resistivity. In other words, the 

higher resistivity leads to a higher potential drop. The reduction in the 

electrical conductivity can be associated with the increased strain in the 

ZnO crystal structure and further reduce the electron mobility [138]. In 

addition, the calculated power was plotted and shown in figure 3.9(b). 

The pristine PENG device generates 47 nW at 2.83 V with instantaneous 

force. After 2.5% Sn doping, the PENG device generates 149 nW at 4.15 

V because two charge carriers occupy the lattice site that reducing the 

resistance of the device. Due to more positive charge carrier 

accumulation in 5% Sn doped device, the power generation was 

degraded to 3.12 nW at 0.26 V. So, the 2.5% Sn doped ZnO of paper 

PENG is more suitable for eco-friendly vibration energy harvester as 

well as the sensor.  

Investigations on the biodegradability:  

To investigate the eco-friendliness of the 2.5% Sn doped ZnO sample 

was immersed in natural soil for 14 days at room temperature with the 

open condition. The digital image was taken on days 1, 3, 7, 10, and 14 

(figure 3.10). It is clearly visible the fungus started growing on the 

samples after the second day, which was caused by carbon electrode. 

Similarly, fungi completely covered the sample on the 10th day. It was 

observed that the sample started degrading on the 14th day, and the 

boundaries were completely decomposed when we took the sample from 

the soil. Hence, it affirms that the fabricated Sn doped ZnO PENG is 

eco-friendly to nature.  



58 
 

 

Figure 3.10 digital image of 2.5% Sn doped ZnO device immersed 

in natural soil 

 

3.4 Summary  

In summary, the Sn/ZnO/PVA PENG device was effectively developed 

using composite method.  

• The doping concentration has been varied from 0-10% with 

2.5% interval, in order to achieve the maximum output 

performance of the PENG device.  

• The FESEM technique also confirms the increase in the diameter 

of the nanorods (185 to 250 nm) with the increase in Sn dopant 

concentration. Furthermore, EDS analysis confirms the presence 

of Zn, Sn, and O elements for uniform dispersion in Sn-doped 

ZnO.  

• There is no secondary phase formation observed from the Sn 

doped ZnO by XRD. The broad peak at 534 cm-1 confirms the 

existence of Sn into the ZnO lattice.  

• The pristine ZnO PENG performance device was enhanced two 

folds by 2.5% Sn doping with 30 N force. The piezo potential 

and current increased from 3.86 V to 8.41 V and 33.84 nA to 

67.92 nA, respectively with the maximum power of 149 nW.  
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• The 5% Sn doped device performances were highly degraded 

due to excess positive charge carrier screening the piezo 

potential and current 0.26 V and 12 nA.  

• We have proposed that the energy can be generated from musical 

drums in which the load is non-homogeneous in developing the 

music. 

• The eco-friendliness of the Sn-doped ZnO PENG was studied by 

soil biodegradation test.  

 

However, the output performance of the doped and pristine PENG 

device is not sufficient to power the microwatt rating electronic device, 

though it is flexible and eco-friendly to nature. An alternative approach 

is available for mechanical energy harvesting called triboelectric 

nanogenerator, which can power the micro and microwatt rating 

electronics devices. It is investigated detailed in the following chapters.  
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Chapter 4 
Enhancement of Triboelectric 

Nanogenerator Output Performance by 

Laser 3D-Surface Pattern Method for 

Energy Harvesting Application 

 
4.1 Introduction 

In this work, physical modification approach is considered for 

enhancing the recyclable triboelectric material properties. Hence, PA6 

(Nylon-6) and PET (Polyethylene Terephthalate) were used as a 

triboelectric positive layer and negative layer for developing the TENG 

device. The continuous fibre laser was used to pattern the TENG 

substrate. Different patterns were formed on PET substrates using LSP. 

The laser patterned and pristine PET surface morphology was analysed 

by field emission scanning electron microscope. In addition, the changes 

in chemical modification of laser irradiated PET surface were 

investigated by Raman spectrometer. The voltage, current and charge of 

the TENG device were measured in contact and separation mode. 

4.2 Governing equations:  

Prior to the experimental investigations, we examined the TENG 

performance by theoretical simulation. The fundamental maxwell 

equations derived as follows: 

           

Gauss law ∇. D =
ρ

ε0
 (

C

m3
) …………………... 4.1  

D = εE+P (in isotropic dielectric medium) 

Gauss law ∇. B = 0………………………. 4.2 

Faradays’ law ∇ × E = −
∂B

∂t
 ……………... 4.3 

Ampere’s law ∇ × H =  J +
∂D

∂t
 …………...4.4 
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Table 4.1 expressions of maxwell equations 

 

where the displacement current, ∂D/∂t, was first introduced by Maxwell 

in 1861 to satisfy the continuity equation for electric charges. The 

electric displacement D is given by D = ε0E + P, and for an isotropic 

dielectric medium, P = (ε-ε0)*E, thus D = εE. 

4.2.1 V-Q-x relationship equation: 

The general power generation theoretical equation for TENG is derived 

with the following parameters such as the voltage (V) between the two 

electrodes, the transferred charge (Q), and the separation distance (x) 

between the two triboelectric layers, which can be named the V–Q–x 

relationship. Two different categories of the triboelectric pairs are parted 

based on the material arrangements, such as dielectric-to-dielectric and 

conductor-to-dielectric types.  

 

Figure 4.1 Schematic diagram of the fundamental dielectric to 

dielectric contact separation TENG mode 

In this work, dielectric to dielectric contact and separation mode TENG 

has been built and shown in Figure 4.1. Both dielectric materials have 

dissimilar polarities in nature in which one layer is highly positive and 
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another one negative. When the external force is applied to the TENG 

device, the two different dielectric materials come into contact to form 

chemical bonds. The formation of chemical bonds helps to migrate the 

charge between two surfaces to equalize the electrochemical potential. 

Then the electron will flow from the top electrode to the dielectric 

surface to fill surface states with negligible decay. The electric field 

builds up during the separation or increasing distance (x) between each 

triboelectric surface and induces the potential difference (V). This 

potential difference drives the electron from top to bottom electrode, 

which results in a negative current with the external circuit. Once the 

device reaches the initial position, the surface charge distribution reverts 

to the equilibrium state. Subsequently, the device surfaces close to each 

other induce the reverse electrostatic field to bring back the electron 

from the bottom to the top electrode and attain the positive current. 

From the Gaussian theorem, the strength of the electric field at each 

region is given as, 

 

The voltage between the two electrodes can be given by 

        𝑉 = 𝐸1𝑑1 + 𝐸2𝑑2 + 𝐸𝑎𝑖𝑟𝑥………………………. 4.8 

At OC condition, there is no charge transfer, which means that Q is 0. 

Therefore, the open-circuit voltage VOC is given by  

 

                   
At SC condition, V is 0. Therefore, the transferred charges are  

Dielectric 1: 𝐸1 = −
𝑄

𝐴𝜀0𝜀1
……………… 4.5 

Dielectric 1 𝐸2 = −
𝑄

𝐴𝜀0𝜀2
………………. 4.6 

The air gap 𝐸2 = −
𝑄+𝜎𝑥(𝑡)

𝐴𝜀0
……………... 4.7 

𝑉 =
𝑄

𝐴𝜀0 
(

𝑑1

𝜀1
+

𝑑2

𝜀2
+ 𝑥(𝑡))

 

+
𝜎𝑥(𝑡)

𝜀0
……………….. 4.9 

𝑉𝑂𝐶 =
𝜎𝑥(𝑡)

𝜀0
… … … … … … … … … … … … …. 4.10  
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Where 𝑉𝑜𝑐: open-circuit voltage, 𝜎: surface charge density, 𝑥(𝑡): relative 

distance between two triboelectric layers, 𝜀0: dielectric constant of air, 

𝐼𝑠𝑐: short circuit current, A: area of the triboelectric layer, 𝑣(𝑡): relative 

velocity of triboelectric layers, 𝑑0: Here 𝑑1 and 𝑑2 are the thickness of 

triboelectric layers 1 and 2, 𝜀1 and 𝜀2 are relative dielectric constants of 

triboelectric layers 1 and 2. 

4.2.2 Theoretical simulation of the influence of surface 

modification on TENG: 

Based on the Maxwell equation, the contact separation mode TENG was 

modeled and simulated in the COMSOL Multiphysics tool. 2-

dimensional geometry was designed with the bottom and the top 

electrode of conductive materials stacked on the backside of the PA6 

and PET dielectric surface (Figure 4.2), respectively. The TENG 

performance was analyzed by electrostatic physics with a stationary 

study. In addition, the surface charge density, floating potential, and 

ground boundary conditions are fixed for open-circuit voltage and short 

circuit current. The surface charge density values of PA6 and PET of 

2.83 and -1.09 μC/m2 has been chosen from the literature [141]. 

 

Figure 4.2 COMSOL simulation’s 2D geometry and boundary 

conditions 

𝑄𝑆𝐶 =
𝑆𝜎𝑋(𝑡)

𝑑0 + 𝑥(𝑡) 
… … … … … … … … … … . 4.11 

𝐼𝑆𝐶 =
𝑆𝜎𝑑0𝑉(𝑡)

(𝑑0 + 𝑥(𝑡))2
… … … … … … … … … . 4.12 
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Based on the V-Q-x relation equation, the generated electric potential 

and transferred charge between two electrodes has plotted in figure 2(a-

c). When both dielectric layers contact, no output has generated. Figure 

4.3(b) illustrates the electric potential of 55 V at 15 mm. But it was 

observed that the electric potential increases when the separation 

distance accomplishes the triboelectric theory. However, the transferred 

charge is almost identical after being separated from the bottom layer.  

 

Figure 4.3 (a) TENG at both layers separated (b) electric potential 

and transferred charges versus separation distance 
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Figure 4.4 (a-c) electric potential of different patterns with the 

single cross-section 

Further improving TENG performance, the physical surface 

modification method has been introduced in the model. For the 

preliminary evolution, the simulation was done using a single cross-

section with X, circle, and line patterns to examine the characteristics of 

distinct pattern influences. The decreased surface contact area causes a 

considerable loss in output performance for the X and circle patterns. 

When compared to pristine TENG, the line pattern TENG output voltage 
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(-26.5 to 17.9 V) has substantially improved. As a result, the increased 

surface area of the surface-modified TENG device demonstrates that it 

has improved surface charge transfer. The frictional surface contact area 

of the plain and varied pattern surfaces may be calculated using either a 

mathematical formula or AutoCAD. The pristine and patterned surface 

area is measured in the AutoCAD platform to ensure accuracy. 

Hence, all the pattern parameters (length, height, and diameter) for the 

AutoCAD modelling were obtained from the FESEM images. The 

calculated frictional surface area is highlighted with the red colour box 

in the snipped AutoCAD image which shown in Figure 4.5. It observed 

that the plain substrate has an 1830 mm2 surface area, and the patterned 

surface (X-1849.93 mm2, Circle-1867.38 mm2, Line-1888.68 mm2) has 

obtained a higher surface area compared to pristine. 

 

Figure 4.5 frictional surface contact area measurement for 

different patterns by AutoCAD tool 

Further evaluation, the complete line pattern structure (10˟1 array) was 

modeled in COMSOL tool (Figure 4.6) and investigated the triboelectric 



68 
 

response. Similar to the previous study, there is no generation when two 

layers are in contact. When the top layer moves upward, the electrostatic 

induction takes place and generates higher electric potential and 

transferred charge compared to the plain, which is due to enhanced 

surface contact area by the surface modification method. In addition, it 

noticed that increasing separation distance 𝑥(𝑡) gradually increases the 

electrical potential.  

 

Figure 4.6 (a)-(b) electric potential and transferred charge of line 

patterned TENG 
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4.3 Experimental Section  

4.3.1 Laser process and influences of laser parameters:  

In this work, a Ytterbium (Yb) doped fiber laser of wavelength 1064 nm 

was used in continuous wave (CW) mode for laser surface patterning 

(LSP) on the PET substrate. A galvo scanner head controls this CW laser 

beam with two 3-axis mirrors that deliver a high-speed beam with a 

smaller spot size over a large field of view. Depending upon the pattern 

profile, the laser focal area will vary. For example, if the single line 

pattern has a length of 30 mm and width of 0.8 mm, the resulting focal 

area (30 mm length and 0.8 mm width) was 24 mm2. 

Laser power is a crucial parameter in physical modification and 

improving TENG performance. So, it must be optimized. Also, the laser 

machine can tune the power from 5 to 50 W with a 5 W interval and 

fixed passes. For primary optimization, the line pattern was textured on 

the PET surface and measured TENG performance for parameter 

optimization. The laser power was optimized depending on TENG 

output (Figure 4.7). It was noticed that up to 15 W, no surface 

modifications were seen on the PET surface. Because PET is a 

transparent sheet, it takes more energy to heat its surface. The color and 

shape of the surface began to change on the 20 W laser, although it 

simply produces discontinued patterns. A consistent line pattern formed 

at 25 W due to the photophysical mechanism. On the other hand, the 

device has not yielded the TENG output owing to the tiny thickness of 

the line pattern. The maximum TENG output has been obtained at 30 W 

laser power. Further increasing the laser power takes place poor 

mechanical strength and reduces the surface polarization. Therefore, the 

30 W laser power is the optimized parameter and is followed for further 

experiments in this chapter. 
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Figure 4.7 The line pattern TENG electric potential concerning 

varying laser power 

4.3.2 Details of Laser surface patterning (LSP): 

LSP process was employed on 3 × 3 cm2 polyethylene terephthalate 

(PET, Bayer Material Science) for developing different structures such 

as circles, lines, and X patterns. The circle and X patterns were textured 

in 10×10 and 9×7 arrays. The pattern scale details are shown in Table 

4.2, and the schematic diagram of the laser focal area is shown in Figure 

4.8. The different patterns were modelled in the solid works platform 

and imported into the laser system. The system will convert the model 

into G codes and guide the laser beam for texturing the PET substrate. 

The schematic of the LSP process is shown in Figure 4.9 (a), and the 

laser parameters are shown in Table 4.2. Figure 4.9 (b) illustrate the 

digital colour image of LSP PET substrate with and without back 

electrode. The focused laser beam has melted the surface and formed the 

desired pattern (Figure 4.8(b)). The time required for the laser 

processing of each sample is around 6 min.  



71 
 

 

Figure 4.8 schematic diagram of laser focal area for laser texturing 

 

Figure 4.9 (a) Schematic diagram of the laser patterning process 

by continuous wave laser (b) LSP PET with and without electrode 
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Table 4.2. Laser parameters for LSP on PET substrate 

 Laser parameters Pattern Size of the pattern 

(mm) 

Power 30 W Pristine 30*30(L*W) 

Laser scanning 

speed  

1.5 

mm/s 

X 3.315*0.09 

(Diagonal length *t) 

No of laser 

passes 

1 Circle 1.6*0.09 

(dia. *t) 

Laser focal 

length 

30 cm Line 30*0.8*0.09 

(L*W*t) 

4.3.3 TENG device construction and characterization: 

The substrates were cleaned consecutively with isopropanol and de-

ionized (DI) water for 5 minutes. Afterward, the adhesive conductive 

textile tape (CTT) and antistatic tape (AST) were pasted on the backside 

of the PET surface. On the other hand, the parallel PET surface was 

pasted with PA6 (Nylon6) and CTT, as shown in Figure 4.10. Finally, 

the TENG device was fabricated using PET negative triboelectric layer, 

highly positive PA6 triboelectric layers and CTT conductive electrode 

[142-144]. The as-prepared tribo-layers have been arranged parallelly 

with respect to vertical contact and separation mechanism.  

 

Figure 4.10 schematics of device construction 

The surface morphology and protrusion size of the substrate were 

measured by field emission scanning electron microscope (FE-SEM, 

Carl Zeiss sigma Supra-55). The pristine and patterned PET surface was 

investigated by Raman spectra between 1500 to 1800 cm−1 

wavenumbers, with an excitation wavelength of 514 nm (LabRAM HR 

Evolution; Horiba, Japan). A dynamic fatigue failure system (Popwil 

Model YPS-1) was used to investigate the TENGs by frequency, contact 

separation distance, and mechanical force of two tribo-layers of different 
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materials. The current generated from the TENG devices was measured 

by Femto/Pico ammeter (B2981A).  

4.4 Result and Discussion 

Surface morphological analysis: 

 

Figure 4.11 the convex(protrusion) profile of line and circle 

pattern 

 

Figure 4.12 (a) FESEM images of Pristine PET substrate (b) X 

pattern (c) Circle pattern and (d) line pattern 
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The morphology and pattern dimensions of the PET substrates have 

been investigated using FE-SEM. Figure 4.12 (a) shows the pristine PET 

having a smooth surface without any irregularities. The laser irradiation 

triggers a photophysical mechanism on the surface and leads to the 

melting and breaking of chemical bonds [107,108]. When the laser 

irradiation is cut off, rapid solidification of the molten material occurs 

and leads to the formation of a protrusion pattern shown in Figure 4.11. 

Figure 4.11(b-d) shows the well-defined and consistent micro pattern 

developed on the PET substrate.  

4.4.1 Investigation of LSP influence in chemical modification: 

To evaluate the chemical modification, the pristine and patterned PET 

surface was investigated by Raman spectroscopic analysis as shown in 

Figure 4.13(a). The patterned and pristine PET chemical bond changes 

were assigned to ring mode 8a (in Wilson’s notation) at 1615 cm-1. The 

stretching vibration of C=O bonds and carboxylic acid group formation 

were confirmed and attributed to 1726 cm-1 [145]. In particular, the 

patterned PET substrate peaks degradation and shifting towards higher 

wavenumber confirms the rearrangement of the polymer chain and 

photochemical degradation. The surplus carboxyl groups condensed 

with hydroxyl group reduces the peak intensity. Also, this peak 

degradation attributes to the formation of amorphous carbon upon laser 

irradiation. This amorphous carbon weakening carboxyl group that leads 

to degrades the TENG performance. After the laser treatment, the 

carboxyl group surface energy is higher in line patterned compared to 

pristine and other patterns, resulting as an increased TENG performance 

[146,147]. 
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Figure 4.13 (a) Raman spectroscopy analysis of Pristine and laser 

patterned PET surface (b) FTIR transmittance spectrum of 

pristine PET and laser patterned PET substrate 

The intermolecular interaction in the chemically modified LP PET and 

bare PET were analysed by FTIR and shown in Figure 4.13(b). There 
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are four functional groups in the bare PET film: two esters, an aromatic 

ring, and an ethyl group. The terephthalate group is formed by 

combining the aromatic and two esters groups, and it contains different 

bonds such as C–C, C–H, C–O, C=O, and aromatic rings (Table 4.3). It 

was observed that laser-induced photophysical modification sharpened 

the ethyl and ester group peaks in the LP PET sample. Furthermore, at 

1725 cm-1, the significant stretching vibration of C=O was detected. 

Also, the strong and mild bending ethyl groups both showed up at 2970 

and 731 cm-1, respectively. The transmittance intensity of the ethyl 

group increased due to a reduction in the concentration and oxygen may 

be expelled from the band which oxidizes the surface that improves the 

wettability and surface polarity [148]. Another reason for increases in 

intensity might be the thermal breakdown of PET chains and photo 

crosslinking between neighbouring chains [141].  

Table 4.3: Bands associated with LP PET from FTIR and Raman 

Wave number(cm-1) Band configuration 

Raman 

LP 

PET 
1726 cm-1 

carboxylic acid group 

and C=O 

PEO 
1479, 1281 

cm-1 
CH2 group 

FTIR 
LP 

PET 

2970 cm-1 C‒H ethyl 

1725 cm-1 C=O ester 

1409 cm-1 C‒C Phenyl ring 

731 cm-1 C‒H bending ethyl 

4.4.2 Triboelectric characterization: 

The electrical output performance was analysed for different patterned 

and pristine TENG by the contact separation mechanism. Figure 4.14(a) 

and (b) illustrate the open circuit (OC) voltage and short circuit (SC) 

current of the TENG devices.  
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Figure 4.14(a) and (b) OC Voltage and SC current measurement of 

various patterned and pristine TENG devices; the contact 

separation distance, frequency and load were fixed at 4 mm, 5 Hz 

and 50 N  

Initially, the TENG device was examined with the constant external load 

of 50 N, the distance between the dielectrics of 4 mm and the frequency 

of 5 Hz. It exhibits the peak-to-peak OC voltage and SC current of 23 V 

and 0.33 μA respectively. The patterned TENG device exhibited 
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considerable enhancement in the output performance due to the higher 

surface contact area between them. Notably, the line patterned TENG 

device has attained a higher peak to peak voltage and current values of 

35.7 V and 0.46 μA as shown in Figure 4.14(a and b). The circle and X 

patterned TENG device output performance was degraded as compared 

to the pristine TENG due to the effect of the high aspect ratio of micro 

patterns [149,150]. When the contact surface is too large the electrostatic 

induction and contact electrification weakened and degrades output 

performance [150]. The X and circle pattern edges and top surfaces have 

protruded with non-homogeneous structures which reduces the contact 

between pristine PA6 and patterned PET. The top surface non-

homogeneous protrusion was clearly visible in the FESEM images. The 

performance pristine and patterned TENG devices are tabulated in Table 

5.1.  

 
Figure 4.15 short circuit transferred charges of pristine and 

patterned TENG device  

Furthermore, the transferred charges were measured from TENG 

devices while two triboelectric layers separated from each other as 

shown in Figure 4.15. The pristine TENG device has transferred a 

charge of 1.6 nC. However, the charge transfer in the X and circle 
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patterned TENG device significantly reduced to 0.6 and 0.9 nC 

respectively which could be attributed to the low surface contact area 

interaction. In case of the line pattered TENG device, more charges (2.5 

nC) have transferred compared to other patterns. The surface area of 

pristine and patterned PET calculation is shown in Figure 4.5. This 

enhancement of charge transfer is due to the higher interaction of surface 

contact area in between line patterned PET and plain PA6 surfaces. The 

electric potential and transferred charge results from the experiment are 

consistent with the theoretical simulated line-patterned TENG's. Hence, 

the line patterned TENG device was selected for further investigation.  

4.4.3 Influence of mechanical parameter in line pattern TENG: 

It is essential to investigate the device performance in the real-time 

condition such as varying mechanical load, frequency, the distance 

between two dielectric layers, and load resistance. Figure 4.16(a) 

illustrate the SC current analysis of line pattern TENG by varying 

separation distance from 1 mm to 12 mm with a fixed load of 50 N and 

a frequency of 5 Hz. The electrical output performance has increased 

substantially with an increase in the separation distance and then 

saturates slowly. The closer distance (2 mm) has generated a lower SC 

current (0.4 μA) due to the low electric field and low charge built up. 

The noteworthy enhancement in SC current (1.1 μA) at a higher 

separation distance (12 mm) was attained. This is due to an increment in 

the induced contact electrification that contributes to increased charge 

flow in the external circuit. In addition, the higher separation distance 

increases the relative contact velocity of the two triboelectric layers, 

which helps in faster electron transfer between them [151,152]. 

Figure 4.16(b) illustrates the SC current of the line pattern TENG device 

at frequencies from 1-5 Hz. At 1 Hz frequency, the device exhibits less 

than 0.1 μA of current, but a significant improvement has been attained 

in the current values of 0.23 μA at 5 Hz. It was noticed that beyond this 

frequency, no changes in current values were observed. This is due to 

higher deformation at 5 Hz frequency and results in a higher flow rate 
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of charges [153,150,154]. Also, this frequency assisted in increasing the 

number of tapping within less time span and eventually increased the 

charge transfer rate in a shorter time.   

 

 
Figure 4.16 (a) the SC current analysis based on contact and 

separation distance was investigated under the load of 50 N and 

the frequency of 5 Hz. (b) the various frequency-based analysis for 

line patterned TENG with a fixed load of 50 N and contact 

separation distance of 4 mm  
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The external force is an essential factor influencing the induced charge 

densities and is primarily concerned with the contact area. Therefore, 

the line patterned TENG device was demonstrated with various 

mechanical forces between 10-100 N with an interval of 25 N, as 

illustrated in Figure 4.17.  

 

Figure 4.17 different external load-based analysis was kept the 

movement frequency of 5 Hz and separation distance of 4 mm 
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The lower SC current (0.36 μA) was attained at 10 N. At 100 N force, a 

noticeable improvement in the SC current of 0.56 μA was achieved. The 

protrusion structure has deformed during the higher contact force to fill 

more gaps between the line patterned PET surface and pristine PA6 

surface and eventually increases the surface contact area [150,155,156]. 

It is due to the elastic nature of triboelectric layers that fill more spaces 

and induces more charges (schematically illustrated in Figure 4.17) 

[154-157]. Hence higher contact force enhances electrostatic induction 

and triboelectrification.  

4.4.4 Endurance of the line patterned TENG: 

The line patterned TENG device was developed for harvesting 

mechanical energy with rigorous load and frequency conditions.  

 

Figure 4.18 mechanical endurance analysis of line patterned 

TENG device functioning with 10000 cycles 

Therefore, it is essential to investigate the stability and reliability of the 

TENG device. The final device was demonstrated for a 10000-life cycle 

at a constant load of 50 N, frequency of 5 Hz, and separation distance of 

4 mm. Figure 4.18 shows the mechanical endurance of line patterned 

TENG device up to 10000 cycles. In the graph, the last five cycles of 

every 500 cycles starting from the 996th cycle have been plotted (996-
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1000, 1496-1500…). There is no significant attenuation in SC current 

throughout the 10000 cycles, which confirms the better mechanical 

endurance of the patterned TENG device.  

However, few sharp positive peak rises in the output response were 

observed. These abrupt charging can be attributed to the localized strain. 

Under time-dependent stress, localized deformation can take place due 

to a property of material known as creep [158, 159]. These changes are 

temporary, i.e., the material might deform elastically, and no permanent 

change is observed in the material properties. After 10 k cycles, we re-

run the experiments and found that the device (after a brief pause to reset 

the machine properties) output returned to normalcy. 

Similarly, this device was systematically investigated to govern the load 

resistance to attain maximum power output. Also, the influence of 

external load resistance was investigated with SC current drop and 

maximum output power density.  

The output power density was estimated from equation 13  

P= 
𝐼2 𝑅

𝐴
………………………………………. 4.13 

Where I stand for current, R is the load resistance and A is the contact 

surface area. 

The load resistance with RMS voltage and SC current relationship is 

depicted in Figure 4.18(a). The load resistance is proportional to the 

potential difference and inversely proportional to the SC current. 

Therefore, when increasing the load resistance, the RMS voltage has 

notably increased up to 10 MΩ and then gets saturated. However, the 

SC current was decreased due to less current flow at higher load 

resistance. Similarly, Figure 4.18(b) shows the SC current and power 

density across the load resistance of the line patterned TENG device. 

The load resistance varied from 1 kΩ to 4 GΩ for power density and SC 

current. The output performance was stable at one kΩ to 10 MΩ and 

beyond which the SC current has degraded slowly due to higher 

resistance restricting the current flow. However, the power density has 

improved substantially at 100 MΩ of 0.8 μW/cm2.  
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Figure 4.19 (a) Power density measurement with respect to the 

different load resistance. (d) RMS voltage across the different load 

resistance (1 KΩ to 4 GΩ) 
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Figure 4.20 (a) The line patterned TENG device-generated voltage 

stored with different capacitor (b) maximum stored energy with 

200 nF, 1 μF and 5 μF capacitor  

Furthermore, to investigate the storage capability, the as-generated 

electrical energy was stored in three (200 nF, 1 μF, 5 μF) different 

commercial capacitors with a duration of 425 sec (Figure 4.20(a)). It was 

affirmed that the device could charge a maximum voltage of 36 V with 

a small capacitance of 200 nF. The maximum energy (0.13 mJ) was 
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stored in a 200 nF capacitor for a short time span (Figure 4.20(b)), and 

the stored energy was discharged quickly. The increase in the 

capacitance range increases the charging and discharging time of the 

device.  

4.4.5 Device demonstration: 

 

Figure 4.21 (a) Charging circuit and 1 μF capacitor charged 425 

sec and then discharged slowly (b) digital images of three blue 

LEDs lighting up with 1 μF capacitor energy 

Figure 4.21(a)&(b) depicts the charging and discharging of generated 

energy with a 1 μF capacitor and LEDs lighting. The charging circuit 

(Figure 4.21(a)) was demonstrated with the different commercial 

capacitors for charging and discharging the power. The 1 μF capacitor 

took more time to charge at about 4.6 V, and the stored energy was 

discharged very slowly. Initially, the LEDs (inset picture Figure 4.21(b)) 

were glowing at a higher intensity. However, the light intensity has 

dimmed gradually over a period of time due to energy discharging from 
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the capacitor. Hence, we proposed that this power be used to operate the 

low-power electronic device. 

4.5 Summary  

• The theoretical simulation (COMSOL Multiphysics) also confirms 

that the higher surface contact area contributes to the effective output 

performance TENG device.  

• The continuous-wave laser was proposed to develop the micro 

patterns on triboelectric layers. The laser texturing has been 

demonstrated for three different micro patterns such as circle, line, 

and X pattern, and enhanced the surface contact area of the TENG.  

• The electrical characteristics of pristine and patterned TENG devices 

were investigated thoroughly based on varying mechanical load (10-

100 N), separation distance (2-12 mm), frequency (1-5 Hz), and load 

resistance (1000-4000 MΩ).  

• From the optimized parameter (50 N, 4mm, and 5 Hz), the pristine 

TENG has generated OC voltage and SC current of 23 V and 0.33 

μA, respectively. The line patterned TENG device has notably 

enhanced the peak-to-peak OC voltage and SC current to 36 V and 

0.46 μA, respectively, compared to other patterns. The maximum 

power density (0.8 μW/cm2) was attained at 100 MΩ load resistance.  

• The energy generated by the TENG can power up to three LEDs at 

maximum intensity. The line patterned TENG device has shown 

stable output performance for 10000 cycles without negligible loss. 

The obtained results could be used for powering the micro/Nano 

system. 

 

However, the generated TENG output performance is low compared to 

the existing device, although the fabricated device satisfies the primary 

motivation and objective. Since the line patterned TENG has a potential 

application for self-powered sensors such as vector, motion sensors, 

velocity sensors, and so on. Therefore, there is need to improve the 

efficiency of the line pattern TENG device.   
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Chapter 5 

Enhancement of line patterned triboelectric 

output performance by an interfacial 

polymer layer for energy harvesting 

application 

  

5.1 Introduction 

In order to boost the line patterned TENG output performance, 

sandwich-type or multi-layer materials were recently reported to 

enhance the practical applicability of the devices [163,168]. In this 

work, three TENG device has been demonstrated, such as pristine LP 

PET with PTFE TENG and two double dielectric layers TENG device 

(PVA>PET-PTFE and PEO>PET-PTFE). The PEO and PVA layers are 

used as positive triboelectric layers, and polytetrafluoroethylene (PTFE) 

is demonstrated as a negative layer. The chemical modification of the 

materials was analyzed by Raman spectroscopy. The open-circuit 

voltage, short circuit current, and instantaneous power density have been 

measured in contact separation mode. In addition, it investigated the 

influence of mechanical parameters on TENG output.  

5.2 Theoretical simulation:  

5.2.1. V-Q-x relationship equation: 

The V-Q-x relationship of this multilayer TENG was derived from the 

dielectric-to-dielectric theory. In the multilayer TENG device, electric 

potential and transferred charge between two conductive electrodes 

appraised by gaussian theorem.  
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Figure 5.1(a) and (b) schematic diagram of single and double 

dielectric layer TENG in the contact separation mode 

Figure 5.1 (a) and (b) show the vertical contact separation mechanism 

of a single and double dielectric layer coated TENG devices model. The 

coupled effect of contact electrification and electrostatic induction is the 

basic phenomenon of the TENG mechanism [14,160]. The conductive 

textile tape served as a top and bottom electrode of the device, over 

which the single and double electric layers were stacked. All the 

dielectric material has dissimilar surface charge density, which assists 

to affirm the positive and negative charges of the TENG layer [161]. 

When the force is imposed on top of the device, both dielectric layers 

contact each other and transfer the charge between higher to lower 

electron affinity phases. However, due to the electrical equilibrium state, 

the electrons are not moving via the external electrode when dielectric 

layers at the contact phase. When increasing the distance between two 

layers, the electric field drives the electron from a top surface to the 

bottom electrode that leads to the negative current. When the device 
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layer closure to each other for the next cycle, the reverse electrostatic 

potential has generated between the two surfaces, and that exhibits the 

positive current. The equation for the triboelectric field strength is 

derived from the Gaussian theorem [162]. 

 

The voltage between the two electrodes can be given by 

𝑉 = 𝐸1𝑑1 + 𝐸2𝑑2 + 𝐸3𝑑3 + 𝐸𝑎𝑖𝑟𝑥………………5.5 

At OC condition, there is no charge transfer, which means that Q is 0. 

Therefore, the open-circuit voltage VOC is given by  

 

𝑉 =
𝑄

𝐴𝜀0
(

𝑑1

𝜀𝑟1
+

𝑑2

𝜀𝑟2
+

𝑑3

𝜀𝑟3
+ 𝑋(𝑡)) +

𝜎𝑋(𝑡)

𝜀0
…………5.7 

 

 
At SC condition, V is 0. Therefore, the transferred charges are (8) and 

(9) 

 

 
Where Q is the charge, ε0 air dielectric constant, 𝜀𝑟1, 𝜀𝑟2 and 𝜀𝑟3 are the 

dielectric constant of the tribo layers, x is the CS distance between 

surfaces; d1, d2, and d3 are the thickness and S is the surface contact area. 

Dielectric  𝐸1 = −
𝑄

𝐴𝜀0𝜀1
…………………… 5.1 

Dielectric 𝐸2 = −
𝑄

𝐴𝜀0𝜀2
…………………... 5.2 

Dielectric  𝐸3 = −
𝑄

𝐴𝜀0𝜀3
…………………. 5.3 

Inside the air gap 𝐸2 = −
𝑄+𝜎𝑥(𝑡)

𝐴𝜀0
……… 5.4 

𝑉 =
𝑄

𝐴𝜀0 
(

𝑑1

𝜀1
+

𝑑2

𝜀2
+ 𝑥(𝑡))

 

+
𝜎𝑥(𝑡)

𝜀0
……………….. 5.6 

𝑉𝑂𝐶 =
𝜎𝑥(𝑡)

𝜀0
 

𝑄𝑆𝐶 =
𝑆𝜎𝑋(𝑡)

𝑑0 + 𝑥(𝑡) 
… … … … … … … … … … … … . .5.8 

𝐼𝑆𝐶 =
𝑆𝜎𝑑0𝑉(𝑡)

(𝑑0 + 𝑥(𝑡))2
… … … … … … … … … . . . 5.9 
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5.2.2 COMSOL simulation: 

To investigate the triboelectric performance of the pristine LP PET 

surface and interfacial polymer coated-LP PET surface, we have 

designed the TENG structures and simulated them in the COMSOL 

Multiphysics software with contact separation mode. Figure 5.2(b) and 

(c) depict the voltage generation between the two different TENG 

devices such as PTFE with pristine LP PET device and PTFE with DL2 

device. Among them, PTFE with DL2 device has generated higher 

voltage compared to former. The inset image shows the before and after 

PEO coating of pristine LP PET. It has been observed that no voltage 

was generated (Figure 5.2(a)) when the mechanical force imposes on the 

device due to electrical equilibrium conditions. Once the mechanical 

force release from the device, the electric field build-up and drives the 

electron from one side to the other side. Hence, the PTFE with DL2 

device attains higher performance than the pristine device.  

 

Figure 5.2 (a) both triboelectric at contact condition (b) and (c) 

COMSOL Multiphysics simulation of pristine and PEO coated LP 

PET TENG device 
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5.3 Experimental Section  

5.3.1 PEO/PVA layer preparation: 

The PEO powders were purchased from Shanghai EKEAR 

Biological Technology Co. Ltd. The samples were prepared with the 

molecular weight (Mw) of 600000 g.mol-1 and dissolved in deionized 

(DI) water with a concentration of 9%. The PEO molecular weight ratio 

has been taken from our previous report, which has better viscosity and 

higher triboelectric performance than other ratios [151]. The prepared 

PEO solution was spin-coated on the LP PET surface (3˟3 cm2) at a 

rotation speed of 500 rpm for 10 sec, which assisted in obtaining a higher 

thickness layer and subsequently dried in an oven at 55 °C for 3 hr. 

Similarly, the 5 gm of PVA salt was dissolved in 50 ml of DI water and 

stirred for 2 hr at 95 °C that yielding without thermal decomposition of 

the polymer. Subsequently, the PVA layer was spin-coated on the LP 

PET surface at 1000 rpm and dried in an oven at 50 °C for 1 hr.  

5.3.2 Double layer TENG device fabrication: 

The Ytterbium-doped fibre laser of wavelength 1064nm was used 

for the laser surface modification as shown in Figure 4.9(a). The line 

pattern has been developed by laser power of 30 W which assisted to 

induces the protrusion on the polymer surface by photophysical 

mechanism. The patterns were designed in AutoCAD platform then 

converted it as a G code file that code has assisted the laser head. More 

details on the laser parameter and sample preparation can be found in 

our previous work [49]. The LP substrates (30×0.8×0.09 mm (L×W×t)) 

were cleaned with isopropanol and deionized (DI) water for 5 min. The 

device construction is divided into two parts, in which the top part is an 

un-patterned negative charge layer, and the bottom part is a laser LP 

positive charge layer, respectively. The commercially available PTFE 

layer was stacked on the conductive textile tape electrode (CTT) and 

antistatic tape (AST) for the top part of the device. On the other hand, 

the counterpart was spin-coated (PEO and PVA layer) over the LP PET 

and then stick on CTT and AST (Figure 5.3(a, b, c)). Eventually, both 

parts have parallelly arranged for a vertical contact separation 



94 
 

mechanism. Henceforth, the single-layer TENG consists of LP PET 

(bottom) and PTFE (top). The two double dielectric layer TENG device 

was demonstrated and represented in this work as a DL1 (PVA coated 

LP PET and PTFE) and DL2 (PEO coated LP PET and PTFE). 

 

Figure 5.3 (a) Schematic diagram of laser processing (b) Pristine 

LP-PTFE TENG device (c) PVA coated LP-PTFE TENG (c) PEO 

coated LP-PTFE TENG device  

5.3.3 Details of characterization tools:  

The LP PET, DL1, and DL2 surface chemical modification were 

analyzed by Raman spectroscopy with a 523 nm excitation wavelength. 

The as-fabricated TENG devices were characterized in the Dynamic 

fatigue failure system (Popwil Model YPS-1) for investigating the 

output performance with different mechanical parameters condition 

such as frequency (1-5 Hz), contact separation (CS) distance (2-12 mm), 

and mechanical force (10-70 N). The Femto/Pico ammeter (B2981A) 

has used to measure the current generated from the TENG devices. The 

series resistance of 110 MΩ was used across the device to measure the 

open-circuit voltage by the oscilloscope. The backside electrode of DL1 

and DL2 devices was connected with a positive lead and the electrode of 

PTFE was the negative lead. The output measurement was carried out 

after the stabilized output, which was less than 100 cycles. Since, PEO 

film is sensitive to humidity; the higher humidity affects the TENG 

performance. Hence, the whole experiments were carried out under the 

temperature of 25˚C and humidity of 35%.  

5.4 Results and Discussion 

The chemical modification and band stretching of pristine LP PET, 

DL1 and DL2 coated LP PET were analyzed by Raman spectroscopy 
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(Figure 5.4). The carboxylic acid group and C=O bonds of LP PET 

surface was confirmed and ascribed to 1726 cm-1 [163], but the peak 

intensities were reduced in the DL1 and DL2 layers due to —

CH2CH2O— and —HOCHCH2—layers covered on the surface. It was 

observed that the PEO’s CH2 group is attributed to 1281 and 1479 cm-1 

with active Raman spectrum [164]. However, at 1281 cm-1 peak has 

raised which might be due to the amorphous part of the polymer chain 

[165]. The oxygen group can donate the electron which increases the 

electrification of the device [166]. The TENG device's output is 

improved as a result of these surface modifications.  

 

Figure 5.4 Raman shift of before and after PEO/PVA coated LP 

PET surface 

5.4.1 Charge transport mechanism of multilayer TENG: 

Initially, this work investigated triboelectric performance with the PTFE 

and LP PET. The basic TENG mechanism is based on the coupled effect 
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of contact electrification and electrostatic induction and is shown in 

Figure 5.5. When the force is imposed on the device, both dielectric 

layers contact each other, creating oppositely charged surfaces. When 

the external force is withdrawn from the device, the potential drop is 

created between them. However, some electron trapped in the shallow 

site of the LP PET layer drives to the electrode. The surface charge 

density was reduced due to merging the positive charge with the 

electrode. On the other hand, the PTFE and PET belong to the tribo-

negative materials category [167]. So, the same property material may 

not provide superior performance due to the screening effect. Thus, to 

improve the TENG performance, we introduced a multilayer composite 

structure which boosted the TENG output. The multilayer TENG 

consists of a charge collection layer (CCL), charge transport layer 

(CTL), and electrode. Here, the PEO is considered a CCL, and LP PET 

is CTL. The reason for selecting a CTL is that it will improve the 

interfacial area and increase the charge density between CCL and CTL 

[168]. The function of the CCL layer is to collect charges from the 

opposite frictional layer, and CTL helps to trap the charges in deep and 

reduce the obstruction of new charges entering the system by 

transferring them.  

 
Figure 5.5 schematics of the charge transport mechanism 

In the multilayer TENG mechanism, Due to contact electrification, the 

positive surface charges are generated on the CCL surface and induce 

negative charges beneath the positive tribo-material. These negative 

charges attract the positive charges from the top of CTL. Therefore, the 
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electrons are trapped deep in the sites by CTL and conserved for a longer 

time. Because the CTL (LP PET) has large charge trap densities 

compared to CCL(PEO), this causes the surface potential to saturate, 

increasing the potential difference between electrodes rapidly. Hence, 

the interfacial layer significantly enriches the surface charge density and 

accumulation, resulting in improved TENG performance. 

5.4.2 Triboelectric output performance measurement:  

 

Figure 5.6 (a) Photographic image of the dielectric coated with and 

without electrode LP PET (b) transferred charges of single and 

double-layered TENG  
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The triboelectric output performance was evaluated for the pristine LP 

TENG and DL1 and DL2 TENG by the contact separation mechanism. 

These devices were initially deployed with a force of 50 N, frequency 

of 4 Hz, and CS distance of 4 mm for measuring the open circuit (Voc) 

voltage and short circuit current (Isc).  

 

Figure 5.7 (a)&(b) Voc and Isc measurement of DL1 and DL2 TENG 

device with the fixed operational parameters i.e., frequency of 5 

Hz, CS distance 4 mm, and force of 50 N 

Figure 5.6(a) depicts the FESEM image of DL2 coated LP PET and inset 

image shows the digital photos of the dielectric coated PET with/without 

electrode. The transferred charge was measured for the single, DL1 and 
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DL2 TENG (Figure 5.6(b)), in which the DL2 TENG device (13.8 nC) 

has transferred more charges compared to other devices. Such high 

performance is attributed to the higher surface contact area as well 

improved interfacial area between the LP PET and PEO which promotes 

charges accumulation [169] and thus enhanced transferred charges. 

Figure 5.7 (a) and (b) depicts the Voc and Isc of single, DL1 and DL2 

TENG device. The single-layer TENG device has generated peak-to-

peak (PP) Voc of 42.65 V and Isc of 0.485 μA at a load resistance of 110 

MΩ. The DL2 device has generated peak to peak Voc of 131.85 V and Isc 

of 2.327 μA. The DL2 device has obtained 2-fold performance of single-

layer TENG device. The comprehensive results are tabulated in table 

5.1. It is due to more charge accumulation and a higher tendency to trap 

more charges between LP PET and PEO layer, owing to its lower 

electron affinity and the unique PEO chains, such as –C–, –O–, and – 

H–, which repelled electrons from its surface by the electrostatic effect 

[170]. This property substantially aids in improving the 

triboelectrification process of the device. Also, the larger surface contact 

area is one of the inevitable factors to enhance its output performance. 

Compared to our previous work [171], the present study improves the 

output performance 4-fold higher by the effect of the PEO layer as well 

higher surface contact area. For further investigations, PEO-coated LP 

TENG has been used. 

5.4.3 Influence of mechanical parameter in DL2 TENG: 

It is essential to examine the DL2 device performance with various 

mechanical parameters such as mechanical force, frequency, contact 

separation distance, and load resistance. Figure 5.8(a) and (b) depict the 

Voc and Isc of the DL2 TENG device at different frequencies of 1-5 Hz, 

fixed force, and CS distance of 50 N and 4 mm with 110 MΩ resistance. 

Lower Voc (85.69 V) and Isc (0.782 μA) were generated at 1 Hz. 

However, the device exhibited higher output (161.16 V, 2.466 μA). at a 

frequency of 5 Hz. The output performance has considerably increased 

by increasing the frequency. More tapping induced faster electron flow 

between the surface [154]. Based on the following equation, the output 

performance under various frequency conditions has been analysed.  
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𝑉𝑜𝑐 =
𝜎∗𝑥(𝑡)

𝜀0
……………………………………….  5.10 

𝐼𝑠𝑐 =
2πSσf𝑥𝑚𝑎𝑥

𝑑0
 …………………………………… 5.11 

Where x is the displacement, 𝜀0 is the permittivity of vacuum, S is the 

surface area, d0 is the thickness of the dielectric layer, σ is surface charge 

density, and f is the frequency. Since the frequency is proportional to the 

current which increases with increasing the frequency but Voc is not 

improving significantly beyond 5 Hz which only dependant on 

displacement not on frequency [172,173].  

 

Figure 5.8 (a) and (b) Voc and Isc of DL1/DL2 TENG with various 

frequency (1-5 Hz); CS distance and load were fixed at 4 mm, and 

50 N. 
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The device’s functional ability is determined by the contact separation 

distance. So, the fabricated device was deployed at various CS distances 

from 2-12 mm with an interval of 2 mm, a frequency of 4 Hz, and a fixed 

load of 50 N shown in Figure 5.9(a) and (b).  

 

Figure 5.9 (a)&(b) Voc and Isc evaluation under different CS 

distance (2 to12 mm) with a constant load of 50 N and frequency of 

4 Hz.  

Due to the weaker electric field generated between the two surfaces, the 

smaller CS distance has attained a low Isc of 2.0494 μA and Voc of 
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107.42 V. At the larger CS distance (12 mm), the DL2 device has 

obtained a notable output Voc of 254 V and Isc of 4.848 μA compared to 

other distances. According to Eq(3), the larger contact separation 

distance improves relative contact velocity which leads to drive the 

electron flow very fast [49,151]. Above a certain distance, the system 

performance gets slowly saturated.  

 

Figure 5.10 (a) and (b) shows the performance of Voc and Isc for 

different contact forces (10- 70 N) with a set value of frequency 

and CS distance (4 Hz and 4 mm). 
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Mechanical force is a vital parameter that assists to correlate the 

effective contact area with induced charges. Hence, the DL2 TENG 

device performance was investigated thoroughly with various contact 

forces from 10 N to 70 N and it depicted in Figure 5.10(c) and (d). It is 

observed that the lower contact force of 10 N yields a smaller potential 

of 123.08 V and Isc of 1.864 μA. The output range progressively 

improved (123.08 to 178.25 V) as the contact force was increased from 

10 N to 70 N. At the higher level of contact force, the PTFE layer 

completely contacts each corner of the DL2 surface due to the elastic in 

nature. The higher contact area has more interaction between the two 

subjected dielectric layers which increases the kinetic energy of electron 

transfer [154,174,175]. 

The endurance of a mechanical energy harvesting system is essential for 

assessing its stability and reliability. The DL2 TENG device was 

operated for 10,000 cycles at 4 Hz frequency, 50 N mechanical force, 

and 4 mm CS distance (Figure 5.11(a)). In the graph, the last 500 cycles 

of each consecutive 1000 has been plotted like (1-500, 1501-2000, 2501-

3000…..). The device exhibits excellent mechanical robustness without 

any notable deterioration in the Isc.  
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Figure 5.11 Endurance evaluation of Isc for DL2 device operated up 

to 10,000 cycles with a force of 50 N, frequency of 4 Hz, and CS 

distance of 4mm 

The various load resistance (1 kΩ to 4 GΩ) was used for maximum 

output voltage and Isc drop shown in Figure 5.12(a). The Voc has 

gradually increased from 0 to 363.72 V as load resistance increases and 

saturated after 1 GΩ but the Isc was reversed, due to higher resistance, 

the current flow decreased drastically beyond 110 MΩ.  
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Figure 5.12 (a) voltage and across the different load resistance (1 

KΩ to 4 GΩ) (b) Power density measurement with respect to the 

different load resistance. 

The output power density was estimated from Eqn. (5.12). 

                    𝑃 =
𝐼2𝑅

𝐴
 …………………………………….. 5.12 

Where I denoted as current, R is the load resistance and A is the area. 

Also, the above Eq (5) was used to appraise the instantaneous max 

power density and Isc drop (Figure 5.12(b)). The power density steadily 

increased when the load resistance increased from 1 kΩ to 110 MΩ. The 

maximum power density of 41.6 μW/cm2 was obtained at 110 MΩ load 
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resistance. Hence, this maximum power density can be used to power 

up the microsensors and low-power electronic devices [176,97,103].  

 

Figure 5.13 (a) the DL2 device deployed to generate the voltage 

that stored in the different capacitor (b) the amount of energy 

stored in various capacitors  

Furthermore, Figure 5.11(b) depicts the storage capability of the DL2 

device in which the generated energy is stored in three different 

capacitors (0.1 μF, 2.2 μF, 22 μF) with a length of 40 s by using the 

external circuit connection (Figure 5.11(a)). It observed that the device 

charged a maximum of 5 V with a small capacitance of 0.1 μF at 40 s, 



107 
 

in case of higher capacitance it required more time to store maximum 

voltage. Figure 5.11(c) shows the energy stored in various capacitance 

commercial capacitors in that the 2.2 μF capacitor has stored the 

maximum energy of 1.73 μJ with a short period than others. It noticed 

that increasing capacitance will increase the time for charging and 

discharging, hence the optimal capacitance (2.2 μF) will be appropriate. 

The charged capacitor was deployed to glow ten LEDs with high 

intensity and shown in (Figure 5.11(d). Thus, the DL2 device can able to 

power up the micro and nanoelectronics devices.  

 

Figure 5.14 (a) Schematic diagram of charging circuit and (d) 

digital image of ten LED lighting up when contact separation of 

DL2 device. 
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5.5 Summary: 

• Single and two different double layers (DL1, DL2) coated LP TENG 

device was demonstrated to boost the triboelectric output 

performance.  

• The DL2 device was obtained higher performance than the DL1 and 

single-layer device due to enhanced interfacial area as well surface 

contact area. Subsequently, the triboelectric behaviours were 

thoroughly investigated with different mechanical parameters such 

as mechanical force (10-70 N), frequency (1-5 Hz), CS distance (2-

12 mm), and load resistance (1000- 4 GΩ).  

• The optimized mechanical parameters resulted in a higher output 

voltage, current, and instantaneous power density of 131 V and 2.32 

μA, 41.6 W/cm2 for the DL2 device (4 Hz, 4 mm, and 50 N). It 

enhanced 2-fold of single layer TENG device and 4-fold higher than 

the PA6-laser patterned PET TENG device (our previous report), 

which satisfies the motivation of this work.  

• Additionally, the DL2 device endurance was evaluated for 10,000 

cycles which shows no negligible degradation. Eventually, the 

serially connected ten LEDs glowed with charged capacitor. Hence, 

the PEO coated LP TENG device will be suitable for powering 

micro and nano-electronic devices.  
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Chapter 6 

 
Conclusion and Future Scope 

  
The eco-friendly piezoelectric and triboelectric nanogenerators have 

been successfully developed and demonstrated. The effective 

parameters for the performance enhancement have been studied 

thoroughly. Thus, the overall research work can be concluded as follows 

6.1 Conclusion 

6.1.1 Development of Sn doped ZnO-based eco-friendly 

piezoelectric nanogenerator for energy harvesting applications. 

• An eco-friendly ZnO piezoelectric nanogenerator was successfully 

fabricated by the cost-effective hydrothermal method.  

• Enhancing the pristine PENG device performance, Sn was doped 

with different concentration (0%, 2.5%, and 5%) and optimized.  

• The 2.5% Sn doped ZnO PENG device achieved higher performance 

than the pristine PENG device under 30 N external force and 940 

MΩ load resistance.  

• The Sn doped PENG ZnO device achieved the maximum output 

voltage of 3.86 V and short circuit current of 67.92 nA. It is due to 

increment in the carrier concentration. Eventually, all PENG devices 

were deployed in musical drums condition and investigated the 

piezo performance. It observed that the developed device could 

generate energy from non-uniform load conditions.  

• In the as-prepared PENG device, the electrode and PENG device 

material was chosen as eco-friendly, which accomplishes our 

primary objective. 

However, the output performance of the doped and pristine PENG 

device is not sufficient to power the microwatt rating electronic device, 

though it is flexible and eco-friendly. Further widening the applicability 

of the mechanical energy harvesting, the triboelectric nanogenerator 

would be the appropriate method, which investigated and concluded in 

the next chapter.  



110 
 

6.1.2 Enhancement of Triboelectric Nanogenerator Output 

Performance by Laser 3D-Surface Pattern Method for Energy 

Harvesting Application. 

In this chapter, the eco-friendly material's triboelectric performance has 

been enhanced by the surface modification method. There are several 

methods involved in surface modification. However, laser surface 

patterning (LSP) is an alternative approach due to large-scale 

manufacturing, ease of fabricating complex structures, and not requiring 

a sophisticated environment.  

• To affirm the suitability of the surface modification process, the 

TENG was designed with a simple line pattern and evaluated the 

performance. It confirms that the surface modification or pattern 

technique is a suitable method for enhancing the TENG output.  

• Primarily, the COMSOL theoretical simulation has been used to 

evaluate electric potential (V) and transferred charges (nC) of the 

TENG device. It observed that the line patterned TENG has attained 

higher performance than pristine.  

• The laser surface patterning process was used as surface 

modification and optimized the laser process parameters.  

• In addition, to investigate the effect of geometrical features, three 

different micro patterns have been developed by LSP, such as circle, 

line, and X pattern, which enhanced the surface contact area of the 

TENG.  

• The line patterned TENG device has notably improved the peak-to-

peak OC voltage of 36 V and short circuit current of 0.46 μA 

compared to other patterns due to improved surface contact area and 

surface charge density. The maximum power density (0.8 μW/cm2) 

was attained at 100 MΩ load resistance. 

• Moreover, to achieve maximum output in the mechanical energy 

harvesting, the influence of mechanical parameters has been 

optimized such as force 50 N, 5 Hz frequency, 4 mm contact 

separation distance.  
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• The line patterned TENG device has shown stable output 

performance for 10000 cycles without negligible loss. 

However, the generated TENG output performance is low compared to 

the existing device, although the fabricated device satisfies the primary 

motivation and objective. Since the line pattern TENG has a potential 

application for self-powered sensors such as vectors, motion sensors, 

velocity sensors, and so on. Therefore, the line patterned output needs 

to be boosted.   

6.1.3 Enhancement of line patterned triboelectric output 

performance by an interfacial polymer layer for energy harvesting 

application. 

The line patterned (LP) TENG device performance has been further 

enhanced by the use of interfacial layer.  

• To ensure the device's functionality with an interfacial layer, the 

device structure was demonstrated in the COMSOL tool. It affirms 

that the interfacial layer boosted the TENG performance.  

• Single and two different double layers (DL1, DL2) coated LP TENG 

devices were demonstrated to boost the triboelectric output 

performance. The DL2 device exhibited higher performance than the 

DL1 and single-layer device due to the enhanced interfacial and 

surface contact area.  

• Subsequently, the triboelectric behaviours were thoroughly 

investigated experimentally with different mechanical parameters 

such as mechanical force (10-70 N), frequency (1-5 Hz), CS distance 

(2-12 mm), and load resistance (1000- 4 GΩ). 

• The optimized mechanical parameters resulted in a higher voltage, 

current, and instantaneous power density of 131 V and 2.32 μA, 41.6 

W cm−2 for the DL2 device (4 Hz, 4 mm, and 50 N).  

• The performance was enhanced 2-fold for the single-layer TENG 

device and 4-fold for the DL2 device compared to the PA6-laser 

patterned PET TENG device (our previous report), which satisfies 

the motivation of this work. 
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• Additionally, the DL2 device endurance was evaluated for 10,000 

cycles which shows no negligible degradation. Eventually, the 

serially connected ten LEDs glowed with the charged capacitor. 

Hence, the PEO-coated (DL2) LP TENG device will be suitable for 

powering micro and nano-electronic devices.  

Table 6.1 summaries the output responses of as fabricated PENG and 

TENG device in the overall thesis. It clearly evidences that the PEO 

coated LP TENG has achieved a maximum output performance than 

others. Additionally, the as developed eco-friendly materials and its 

performances have good agreements with motivation and main 

objectives.  

Table 6.1 Summarized output response of Piezo and Tribo 

Nanogenerators 

 

6.2 Future scope: 

The eco-friendly device will be inevitable for future electronic devices. 

Therefore, there are vast opportunities for eco-friendly TENG sensors. 

Here are some suggestions for the future work: 

1. The external power conversion circuits are one major e-waste in 

the past two decades. The laser fabricated DC triboelectric 

energy harvester can be a viable route to reduce e-waste. 

2. Due to inherent functionality option in the TENG, laser 

processing will be an incipient field in the TENG based human 

health monitoring sensors. 
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