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Abstract 

The ever-increasing desire to produce portable, mobile and self-powered wireless 

micro-/nano systems (MNSs) with extended lifetimes has lead to the significant 

advancement in the area of mechanical energy harvesting over the last few years and 

it has been possible not only because has nanotechnology evolved as a powerful tool 

for the manipulation of matter on an atomic, molecular, and supramolecular scale, but 

also different micro-/nano fabrication techniques have enabled researchers and 

scientists to create, visualize, analyse and manipulate nano-structures, as well as to 

probe their nano-chemistry, nano-mechanics and other properties within the systems.  

The dissertation first discusses briefly about energy harvesting technologies for self-

powered MNSs, for example a wireless aircraft structural health monitoring (SHM) 

system, with a particular focus on piezoelectric nanogenerators (PENG) and 

triboelectric nanogenerators (TENG) as they are the most promising approaches for 

converting ambient tiny mechanical energy into electrical energy efficiently and 

effectively and then it analyzes the theoretical and experimental methodologies for 

efficient energy harvesting using PENG, TENG and hybrid devices. The piezoelectric 

property intertwined with the semiconducting behaviour of different ZnO 

nanostructures has made them ideal candidate for piezoelectric energy harvesting, 

also intensive and state-of-the-art research has been going on to enhance the 

performance of the PENG devices based on 1D and 2D ZnO nanostructures. In this 

work, a high performance and consolidated PENG device based on the integration of 

ZnO nanowires and nanoplates on the same substrate has been demonstrated, that 

produces an output electrical power of 8.4 µW/cm2 at the matched load of 10MΩ that 

manifests their ability for powering up different MNSs.  

Since hybrid nanogenerators (HNG) integrate different types of harvesters in a single 

unit, where several energy sources can be leveraged either simultaneously or 

individually, in the next part of this work, a HNG device integrating PENG and TENG 

components has been designed, fabricated and characterized where PENG and TENG 

parts mutually enhance the performance of each other resulting an instantaneous peak 

power density of 1.864mW/cm2 and subsequently the device has been used to charge 

several commercial capacitors to corroborate their potential for aircraft SHM 

applications. Moreover, the hybrid device exhibits strong potential for wearable 

electronics as it can harvest energy from human walking and normal hand 

movements. 



iv 
 
 

However, successful implementation of self-powered electronics, such as a wireless 

aircraft SHM depends not only on the performance of individual parts but also on 

components integration within the system, where each device/system node within the 

network consists of a low-power microcontroller unit, high-performance data-

processing/storage units, a wireless signal transceiver, ultrasensitive sensors based on 

a micro-/nano electro-mechanical system, and most importantly the embedded 

powering units.  

This dissertation aims to deepen the understanding of the different energy harvesting 

methods utilizing the knowledge of nanoscale phenomena and nanofabrication tools 

along with the associated prospects and challenges and thus, this research in the field 

of energy harvesting using advanced nano electro-mechanical systems could have a 

substantial impact on many areas, ranging from the fundamental study of new 

nanomaterial properties and different effects in nanostructures to diverse 

applications. 
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Chapter 1 

Problem Overview and Energy Harvesting 

 

This research is mainly focused on energy harvesting using two different methods – 

piezoelectric and triboelectric nanogenerators by utilizing the recent understandings 

of nanotechnology and taking advantage of different micro-/nano fabrication tools. 

This chapter starts with the basic concept of self-powered electronics and 

nanotechnology enabled energy harvesting for powering up mobile micro‐/nano 

systems.  

Part of this chapter has been submitted as a journal publication: 

A. A. Khan, A. Mahmud, D. Ban, Evolution from Single to Hybrid Nanogenerator: A 

Contemporary Review on Multimode Energy Harvesting for Self-Powered 

Electronics, IEEE Transaction on Nanotechnology, under review. 

 

1.1 Self-powered Systems 

Self-powered systems are defined as those that operate without an external electricity 

source and instead harness the required energy from the ambient environment of the 

system. The speedy growth of personal and mobile electronics for various 

applications, for example entertainment, communication, health care, home-office 

activities, environmental monitoring etc. has been possible due to fast development 

of the micro-/nano systems (MNSs) [1]. Besides, due to the traditional trajectory of 

shrinking device dimensions as per well-established Moore’s law [2], extensive efforts 

and state-of-the art research have been focused on integrating individual MNSs with 

diversified functionalities into multi-functional MNSs to build up large-scale 

networks for multifarious applications (Figure 1.1). Although the power consumption 
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of these MNSs is low individually, the number of such functional MNSs deployed can 

be huge and those systems rely on rechargeable batteries to power up the electronic 

devices.  

On the other hand, the rapid technology growth is leading the world towards 

automation where Artificial Intelligence (AI), Big Data, Internet of Things (IoT) etc. 

are going to be the dominating technologies in future that require trillions of sensors. 

Using external power sources to power-up these tremendous amount of sensors is not 

feasible and reliable and to address this problem self-powered sensor networks with 

good sensing capabilities can be utilized [3]. 

 

Figure 1.1 Future perspective of electronics beyond Moore’s law. The vertical axis reflects 

miniaturization and increasing device density, CPU speed, and memory capacity. The 

horizontal axis reflects the diversity and functionality of personal and portable electronic 

devices [Reproduced from Ref. 1 with permission from John Wiley and Sons]. 
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Energy harvesting technology has strong potential to not only meet growing global 

energy demand but also support a wide range of self-powered electronics applications 

[4]. Solar cells [5], electrochemical cells [6], piezoelectric/triboelectric/pyroelectric 

nanogenerators [7-9] and magneto-electric energy harvesters [10] are enabling 

technologies for converting solar, chemical, mechanical, thermal and magnetic energy 

to electricity. Piezoelectric nanogenerators (PENG) [11] and triboelectric 

nanogenerators (TENG) [12] have been developed to scavenge available but mostly 

wasted mechanical energy from the ambient environment by utilizing the 

piezoelectric and triboelectric property of materials. Using vibrations, wind, rain 

drops, ocean waves, mechanical rotation and human body movement, these 

nanogenerators can potentially drive various personal electronics like smart phone, 

electronic watch, Bluetooth transceiver etc.   

The current rapid advancement of micro-/nanotechnology along with available state-

of-the-art micro-/nanofabrication techniques, it is highly desired that different 

innovative energy harvesting devices and their hybridization will enable 

multifunctional MNSs to operate wirelessly and self-sufficiently without the use of a 

battery and thus leading to self-powered systems [1]. Part of this research work on 

self-powered electronics is particularly focused on aircraft structural health monitor 

(SHM) system since in an aircraft operation environment, energy sources such as 

solar, wind, vibration, temperature differentials, electromagnetic, acoustic etc. are 

present and can potentially be used to harvest energy and use it to power up the small 

electronic components within the SHM system and hence making the system fully 

wireless.  

1.2 Structural Health Monitoring System 

Aircraft structural health monitoring (SHM) system is designed to identify the “state” 

of the constituent materials, of the different parts, and of the full assembly of these 

parts constituting the aircraft structure which is based on the observation of the 
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system over time using periodically sampled dynamic response measurements from 

an array of sensors [13-14]. To perform the tasks such as sensing, signal conditioning 

and processing, data storage and communication, supplying power to those sensors 

and electronic components is indispensable no matter how.  Depending on whether 

wire connection is used or not, SHM system can be categorized into two types – wired 

and wireless. 

 

Figure 1.2 Illustration of a structural health monitoring system [Reproduced from Ref. 

51(open access journal)]. 

Although wired SHM system design provides flexibility, versatile SHM capabilities 

and immune to electromagnetic interference, tremendous progress has been made in 

the area of wireless SHM for civil structures and aircrafts as they can provide some 

unprecedented advantages over the wired SHM systems, for example, reduction in 

the aircraft weight by eliminating physical wired connections, elimination of the 

installation of complex harnesses within the fuselage, easier installation and 

maintenance of the system, etc. A wireless SHM system includes sensing unit, data 
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processing unit, conditioning and transmission unit, and power supply [15]. 

However, supplying power to those electronic units by means of battery is the only 

viable option yet which requires cable connections thus weakening the justification of 

the wireless system. 

Figure 1.3 Block diagram of a wireless SHM system. 

1.3 Energy Harvesting Technology 

As energy harvesting technology has evolved dramatically in the last decade with an 

aim to realize self-powered organic/inorganic electronic systems, it has opened up 

many new areas of utilizing energy harvesting technique including aircraft SHM. In 

an aircraft operation environment, sources such as solar, wind, mechanical vibration, 

temperature gradient, etc. can potentially be used to convert them into electrical 

energy and properly designed and integrated energy storage units can be used to 

efficiently and effectively store the converted energy to power up the electronic 

components within the aircraft SHM system, thus making the system fully wireless. 

The power required for driving each electronic unit is small, but the number of such 

units can be massive in the order of billions to trillions.  Three most common energy-

harvesting techniques are mechanical vibration energy harvesters, thermoelectric 
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power generators, and photovoltaic (PV) cells. As the mechanical vibration energy is 

the most available type of energy in an operating aircraft environment, mechanical 

energy-harvesters commonly known as nanogenerators [7-8] are the most suitable 

candidate in the aforementioned case.   

1.3.1 Piezoelectric Nanogenerators 

A piezoelectric nanogenerator is an energy harvesting device that converts external 

tiny kinetic energy into electrical energy using piezoelectric materials. Although there 

are huge number of piezoelectric materials, the use of nanostructured piezoelectric 

materials, however, is a relatively recent development, and the understanding of the 

nanoscale size effects on piezoelectricity is still being formulated [16-17]. Despite that, 

using nanotechnology in the realm of piezoelectric energy harvesting has 

demonstrated tremendous improvements and possibilities towards practical 

applications [11].  

 

Figure 1.4 Working principle of piezoelectric VING configuration under vertical 

mechanical strain [Reproduced from Ref. 22 with permission from John Wiley and Sons]. 
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First piezoelectric nanogenerator showed the successful conversion of nanoscale 

mechanical energy into electrical energy by means of piezoelectric zinc oxide 

nanowire (NW) arrays. Since then although some other piezoelectric materials, e.g. 

gallium nitride (GaN), indium nitride (InN), lead zirconate titanate (PZT), barium 

titanate (BaTiO3), etc. have also been studied and investigated to harness the 

mechanical energy [18], zinc oxide (ZnO) still stays in the heart of piezoelectric energy 

harvesting mostly because nanostructures of ZnO can formed relatively easily and 

less expensively using low temperature methods [19]. Growth of ZnO nano structures 

has been one of the most active fields in nanotechnology because ZnO exhibits 

interesting properties such as semiconducting and piezoelectric, a typical wide band 

gap (3.37 eV), a large excitation binding energy (60 meV), near-UV emission, 

transparent conductivity, etc. [20]. ZnO could form three types of crystal structures: 

wurtzite, zinc blende, or rock salt; of which wurtzite structure is the natural form. 

Wurtzite structured ZnO is composed of two alternating layers of atoms respectively 

corresponding to cation Zn2+ and anion O2- , that forms a tetrahedral configuration and 

results in non-centro symmetry inevitably. Among the semiconductors that have 

tetrahedral molecular geometry, ZnO has the highest piezoelectric tensor or at least 

one comparable to that of GaN and AlN that makes it a technologically important 

material for many applications, which require a large electromechanical coupling [21].  

Typically, in a PENG, a piezoelectric material is covered by top and bottom electrodes 

on its two surfaces and a schottky contact is formed at either surface. Although several 

geometrical configuration have been proposed and demonstrated, e.g. Lateral 

nanowire integrated nanogenerator (LING), Nanocomposite electrical generators 

(NEG), fabric-like geometrical configuration, etc., Vertical nanowire integrated 

nanogenerator (VING) has been studied extensively. 

In VING configuration, when a piezoelectric structure is subjected to the external 

force, the deformation occurs throughout the structure. The piezoelectric effect creates 
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the electrical field inside the nanostructure; and due to the relative displacement of 

cations with respect to anions in its crystalline structure, the stretched part with the 

positive strain exhibits the positive electrical potential, whereas the compressed part 

with the negative strain displays the negative electrical potential and thus creates a 

potential difference between the electrodes. Because of the potential difference 

between top and bottom electrodes and the formation of a schottky junction, electrons 

are driven through an external load producing a current pulse and this continues until 

the material system reaches an equilibrium which eventually stops the flow of 

electrons. When the force is released, the piezopotential fades away and the electrons 

flow back through the external load to establish an equilibrium and a negative current 

pulse is observed and after the equilibrium is achieved, the device gets back to its 

initial state.   
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Table 1.1 Comparison of some of the reported piezoelectric nanogenerators 

using different materials. 

Materi

al 

Type Synthesis  Geometry  Output 

voltage  

Output 

power 

Ref. 

ZnO(n

-type) 

Wurtzi

te 

CVD, 

hydrothermal 

process 

D:~100 nm, 

L:200~500 nm 

~9 mV ~0.5 pW [16] 

ZnO(p

- type) 

Wurtzi

te 

CVD D: ~50 nm,  

L: ~600 nm 

50~90mV 5~16.2 

pW 

[23] 

ZnO-

ZnS 

Wurtzi

te 

Thermal 

evaporation and 

etching 

Not stated ~6 mV ~0.1 pW [24] 

GaN Wurtzi

te 

CVD D: 25~70 nm,  

L: 10~20 µm 

~20 mV ~0.8 pW [25] 

CdS Wurtzi

te 

PVD, 

Hydrothermal 

Process 

D: ~100 nm, 

L: 1 µm 

~3 mV Not 

stated 

[26] 

BaTiO

3 

Pervos

kite 

High 

temperature 

chemical reaction 

D: ~280 nm,  

L: ~15 µm 

~25 mV ~0.3 aJ [27] 

PVDF Polym

er 

Electro spinning D: 0.5~6.5 µm, 

L: 0.1~0.6 mm 

5~30 mV 2.5~90 

pW 

[28] 

PZT Nanofi

bers 

Electro spinning D: 60 nm, 

L: 500 µm 

1.6V 0.03µW [29] 

ZnO  2D 

Nanos

heets 

Aqueous 

solution 

W: 80 nm 

H: 3 µm 

0.44V 2.86 

µW/cm2 

[30] 
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1.3.2 Triboelectric Nanogenerators 

The triboelectric nanogenerator (TENG) that converts ambient mechanical energy into 

electricity by a conjunction of triboelectric effect and electrostatic induction, was first 

reported by Z.L. Wang et al as a new power generation technology in 2012 [8] and 

since then TENGs have evolved dramatically mainly because of its great potential for 

scavenging mechanical energy from surrounding environment and sustainably 

driving portable devices [31]. TENG is based on the triboelectric effect that has been 

known for thousands of years and it happens when two different materials come into 

contact through friction and charge transfer occurs where one material tends to gain 

electrons and other tends to give electrons away to equalize their electrochemical 

potential, thus producing triboelectric charges on the surfaces.  

 

  

Figure 1.5 The four fundamental modes of triboelectric nanogenerators: (a) vertical 

contact separation mode; (b) in-plane contact-sliding mode; (c) single-electrode mode; and (d) 

freestanding triboelectric-layer mode [Adapted from Ref. 34 with permission from Royal 

Society of Chemistry]. 
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The cycled separation and re-contact of the inner surfaces of the two dissimilar 

triboelectric layers induces a periodic potential difference between the electrodes 

connected to the two materials and this periodic potential difference drives the 

electrons back and forth in order to balance the electric potential drop created and 

hence producing alternating current (AC) signals.  

Figure 1.4 shows four different working modes of TENGs. In vertical contact 

separation mode, two dissimilar triboelectric films face with each other, make physical 

contact between them and then separate due to external mechanical vibration as 

shown in Figure 1.4 (a) and because of this periodic contact and separation, two 

current signals in opposite directions are found. In lateral sliding mode, a relative 

sliding in parallel to the surface creates triboelectric charges on the two surfaces 

resulting lateral polarization as shown in Figure 1.4(b), which drives the electrons 

between the top and bottom electrodes to balance the field created by the triboelectric 

charges. A single electrode based TENG is a more feasible design for some 

applications, for example in the case when the object that is part of the TENG cannot 

be electrically connected to the load. In this operation mode, the bottom part of the 

TENG is grounded as shown in Figure 1.4(c). The freestanding triboelectric-layer 

TENG is based on the triboelectric effect between a freestanding dielectric layer and 

two metal films as shown in Figure 1.4(d) that serve not only as the counter 

triboelectric material, but also as two electrodes. When the two surfaces are in contact, 

the triboelectric effect will render the dielectric surface with negative charges, and 

other metal electrodes with positive charges and the movement of the dielectric layer 

drive the electrons back and forth between two electrodes and results current signals 

passing through external load.  

Among various energy harvesting technologies, TENG has many advantages over 

others, such as high electrical output power, low cost, easy fabrication processes, high 

conversion efficiency etc. To optimize performance of TENGs, various methods have 
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been adapted including using different triboelectric materials, creating of micro-/nano 

structures on the materials’ surfaces, developing novel device structures, designing 

multi-layered devices, incorporating electric double layer effect etc. [33]. TENGs can 

be used not only as micro-scale power sources and self-powered sensors but also as 

macro-scale power sources through proper materials selection, innovative device 

structure design and modifications. Although TENGs have experienced a rapid 

development both in fundamental understanding and technological improvements, 

there are several areas for further improvement [34], for example understanding the 

fundamental mechanism of contact-electrification and quantifying the surface charge 

density, exploring new materials, developing proper power management and energy 

storage units etc.  

1.3.3 Hybrid Nanogenerators 

Hybrid nanogenerators integrate different types of harvesters in a single unit, where 

several energy sources can be leveraged either simultaneously or individually, 

making it possible to use whatever energy is available at any time. This approach 

provides a continuous supply of power through renewable and green energy 

resources, and helps maximize energy utilization to achieve a stable electrical output. 

With the integration of different kinds of energy harvesting techniques in the same 

platform, for example, pyroelectric nanogenerator, PENG, TENG, electromagnetic 

generator, solar cell, and/or electrochemical cells, hybrid energy cells have opened up 

a novel branch of nanotechnology research soon after their first demonstration in 2009 

[35], that could lead to a highly effective method of ambient energy harvesting, 

particularly for self-powered electronic systems and the IoT.  
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Table 1.2 Key points of some of the current hybrid nanogenerators. 

Hybrid 

Type 

Active 

Material 

Harvested 

Energy 

Output Performance 

of Hybrid NG 

Applications Ref. 

Piezo and 

solar 

 

ZnO NWs 

 

 

Solar and 

mechanical 

 

0.433 V, 252 A/cm2, 

34.5 W/cm2 

 

 

Self-powered electronics 

 

[36] 

 

 

Piezo and 

solar  

 

 

ZnO NWs and 

silicon 

Solar and 

strain  

3 V and 280 A  To drive wireless strain 

gauge sensor 

[37] 

 

 

Piezo and 

bio-fuel cell 

 

 

ZnO, Au and 

CNT 

Mechanical 

and 

biochemical 

 

3.1 V, 300 nA 

 

 

 

Biological sciences, 

Environmental 

monitoring 

[38] 

Piezo and 

Tribo 

PVDF (Piezo) 

and PTFE and 

Au (Tribo) 

Mechanical 370 V, 12 A/cm2, 

4.44 mW/ cm2  

 

Drive 600 LEDs with 0.2 

N force 

[39] 

 

 

 

Piezo and 

Tribo 

ZnO NRs 

(Piezo) and 

PDMS and Cu 

(Tribo) 

Mechanical 

 

10.2 mW/m2 

(PENG), 42.6 

mW/m2 (TENG), 

Combined charged 

1.2 V battery in 400 s 

Self-powered pressure 

sensor 

 

 

 

[40] 

 

 

 

 

Tribo, Solar, 

Chemical 

 

 

 

PTFE and Al 

(Tribo), Silicon 

(Solar), NaCl 

solution 

Wind, Solar, 

Chemical 

60 V, 500 A Self -powered wind and 

temperature sensor 

[41] 

 

 

 

 

Tribo and 

solar  

PDMS and 

ITO (Tribo), 

Silicon (SC) 

Mechanical, 

Solar 

12 V, 17.4 mA  Electrodeposition, 

Pollutant degradation, 

Self-powered electronics  

[42] 

Tribo and 

Solar 

FEP and Cu Wind, Solar 

and 

Mechanical 

12 mA To power temperature 

and humidity sensor 

[43] 

Tribo and 

Thermal 

PTFE, Al Mechanical, 

Thermal 

14.98 mW/cm2 Increase efficiency of 

rotation based device 

[44] 

EM and 

Tribo 

PVB/PDMS, 

Cu 

Biomechanical 100 µF capacitor 

charged by 39 s 

To run commercial 

watch 

[45] 

EM and 

Tribo 

PTFE and Al 

(Tribo), 

Magnet and 

coils 

Wind energy 17.5 mW, 55.7 W/m3 Real time monitoring of 

traffic volume 

[46] 
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1.4 Theoretical Background 

The physics behind nanogenerator technologies can be explained using Maxwell’s 

electromagnetic equations. The piezoelectric nanogenerator was first proposed in 2006 

based on the piezoelectric effect [16], while the triboelectric nanogenerator was later 

proposed in 2012 based on the triboelectric effect [8]. When two dissimilar materials 

are brought into contact, electrostatic charges are created on the surface of the two 

materials owing to their different electron affinities. When the two materials are 

subsequently separated, a voltage is developed that forces the electrons to flow 

between the two electrodes, generating an alternating current for a triboelectric 

nanogenerator (TENG). However, when a mechanical stress is applied on a 

piezoelectric material, it becomes polarized, creating a piezo-potential.  

To fully understanding the difference between the physics underlying 

electromagnetic generators and nanogenerators, it is necessary to understand the 

relationship between Maxwell’s displacement current and nanogenerator’s output. 

Ampere’s circuital law with Maxwell’s addition is given by:  

 

𝛻 × 𝐻 = 𝐽 +
𝜕𝐷

𝜕𝑡
                                                                  (1)   

 

Where H is magnetic field and D is displacement field. 

  𝐷 =∈𝑜 𝐸 + 𝑃                                                                     (2) 

 

Here P is the polarization field and E is the electric field. So, the Maxwell’s 

displacement current can thus be defined as: 

         𝐽𝐷 =
𝜕𝐷

𝜕𝑡
=∈𝑜

𝜕𝐸

𝜕𝑡
+

𝜕𝑃

𝜕𝑡
                                                       (3) 

 

The first part of this equation gives the birth of electromagnetic wave. The second part  
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relates the output of the nanogenerator. If the density of charges on the surface of the 

piezoelectric nanogenerator is σp, and there is no external electric field, then the 

displacement field will be the polarization vector. So, the displacement current will 

thus be [47].  

 𝜕𝐷

𝜕𝑡
=

𝜕𝑃

𝜕𝑡
=

𝜕𝑃

𝜕𝑡
                                                                  (4) 

 

Equation (4) denotes the observed output current for the piezoelectric nanogenerator 

(PENG). Similarly, for the TENG, if the triboelectric charge density in dielectrics is σc, 

and therefore the free electron density on the electrodes is σ1, then the displacement 

current will be [47] 

     
𝜕𝐷

𝜕𝑡
=

𝜕 1(𝑧, 𝑡)

𝜕𝑡
=  𝑐

𝜕𝑥

𝜕𝑡
                                                  (5) 

 

 

Figure 1.6 Theoretical analysis approach for piezo-tribo hybrid nanogenerator (a) Motion 

characteristics of external load (b) PENG-TENG hybrid device. 
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This is the observed current for TENG.  ∂x/∂t   depicts the speed at which two tribo 

layers contacts with each other. This basic understanding of nanogenerator operation 

was vital to further modeling and analysis; however, a specific theoretical model for 

hybrid nanogenerators was developed only recently, in 2017.  Song et al. [48] 

presented the first theoretical model for piezo-tribo based hybrid nanogenerators, and 

later extended the analytical approach based on the following three conditions: (a) 

PENG and TENG are separate units (b) tribo charges are uniformly distributed on the 

electrode (c) electric potentials are regarded as a closed loop in a circuit. Considering 

the above three conditions, it is possible to write from Fig. 1.6(b) that 

 

𝑉𝑎 + 𝑉𝑃𝑇 + 𝑉1(𝑡) = 0  𝑎𝑛𝑑 𝑉𝑃𝑉 + 𝑉2(𝑡) = 0                             (6)    

 

Where Va, VPT and VPV are the voltages across the air gap, the PTFE layer and the PVDF 

layer, respectively, and V1 and V2 are the voltages across the external resistors. The 

test cases for this hybrid nanogenerator can be assumed from Fig. 1.6 that, after 

applying the external impact from time t=0, the top electrode ED1 makes contact with 

PTFE at t=t1 (after ∆t1 time from t=0), then the whole device starts deforming and 

reaches its highest deformed stage at t=t2 (after ∆t2 time from t=t1). So, after t=t2 time 

the device starts releasing and at t= t3 (after ∆t3 time from t=t2) the device again reaches 

its same position like t=t1 and finally at t=t4 (after ∆t4 time from t=t3) ED1 starts breaking 

contact with PTFE and reaches the initial position, thus completing one cycle of 

operation. In this approach, x1 and x2 will be used to express the dynamics of ED1 and 

ED2 (top electrode of PVDF based PENG). If the transferred charges in ED1, ED2 and 

ED3 are Q1, Q2 and Q3 respectively, then V-Q-x relationship for the top TENG unit can 

be expressed as [49] 

𝑅1
𝑑𝑄1

𝑑𝑡 
+ (𝑑𝑟1 + 𝑥1(𝑡))

𝑄1

𝑆∈0
−



∈0
𝑥1(𝑡) = 0                       (7)  
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Where s is the surface area, dr1 is the effective thickness constant for PTFE (𝑑𝑟1 =  
𝑑

𝜀𝑟
), 

𝜀𝑟 is relative permittivity, and σ is the surface charge density. Assuming the initial 

condition  

(Q1=Q3=0 and Q2=σs) at (t=t0=0), equation (7) can be solved as [50] 

 

𝑄1(𝑡) = 𝑆 − 𝑒
∫

(𝑑𝑟+𝑥1(𝜏))

𝑅1𝑆∈0

𝑡
0 (𝑆 + ∫

𝑥1(𝜏)

𝑅1∈0
𝑒

∫
(𝑑𝑟+𝑥1(𝛾)

𝑅1𝑆∈0
𝑑𝛾

𝜏
0 𝑑𝜏)

𝑡

0
              (8) 

 

So, this is the charge transfer equation for the TENG unit, and is valid within the time 

limit ∆t1 and ∆t4 as TENG works at these time ranges. 

From equation (6), the charge transfer equation for the PENG unit can be written as 

[49] 

          𝐸2𝑑2(𝑡) + 𝑅2
𝑑𝑄2

𝑑𝑡
= 0                                                (9)  

 

where the thickness d2 and electric field E2 inside this PENG’s PVDF are 

 

        𝑑2(𝑡) = 𝑑0 − 𝑥2(𝑡)                                                  (10) 

 

and from Gauss’s law [49] 

     𝐸2 =
𝑄2

𝑆 ∈𝑟2∈0
                                                       (11) 

 

d0 is the initial thickness of the PVDF film before deformation, and dr2 is the effective thickness 

constant for the PVDF film. As, it is assumed that the PENG and TENG units are working 
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independently, when deriving the charge transfer equation for PENG unit, the time (t) is 

redefined as t=0, but actually PENG unit starts working at t=t1 when the device starts 

deforming. From Fig. 1.6(a), it is found that t= t1≠ 0, so the initial condition for this PENG unit 

can be obtained as Q1=0 and Q2=Q3=Q0, where Q0 is the initial surface charge induced by the 

piezoelectric effect. From this initial condition combining equations (9), (10), (11), charge 

transfer equation for the PENG unit is found as [49] 

 

𝑄2 = 𝑄0𝑒
− ∫

(𝑑0−𝑥2(𝜏))

𝑅2𝑆∈𝑟2∈0
𝑑𝜏

𝑡

0                             (12) 

 

It is clear from Fig. 1.6(a) that equation (12) is valid for t=0 and t= ∆t2+∆t3, because the 

PENG unit only works for that time frame. From the charge transfer equation for the 

PENG and TENG units, it is also possible to obtain the current and voltage expressions 

for this hybrid nanogenerator. This theoretical approach for hybrid nanogenerator can 

be used to qualitatively [49] describe the PENG and TENG based hybrid 

nanogenerator; however, it should be used with caution as it yields substantial errors 

in predicting PENG characteristics. Another important limitation is that the model 

assumes the output of the two units are added in series; it has not considered the 

synergetic effect of the hybrid nanogenerator. 

1.5 Research Objectives 

The fundamental goal of this research is to systematically investigate different aspects 

of PENG, TENG and HNG devices based on different nanostructured materials 

utilizing novel nano fabrication techniques and to optimize different materials 

synthesis as well as device parameters to enhance the device performance for different 

potential applications, such as aircraft SHM, wearable electronics, self-contained and 

non-invasive integrated self-powered data transmission system etc. For achieving this 

goal, the research conducted strives to design, fabricate and characterize a PENG 
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based on ZnO nanostructures and a HNG based on nanostructured organic/inorganic 

materials integrating piezoelectric and triboelectric effects.  

 

The following approaches are used to achieve this goal: 

i) The direct synthesis and characterization of 1D/2D hybrid ZnO nanostructures on 

metal substrates using a simple low-temperature hydrothermal process. 

ii)  Development and installation of a device characterization system for 

comprehensive analysis of the piezoelectric and triboelectric outputs of the energy 

harvesting devices. 

iii)  Demonstration of a high performance consolidated PENG device based on the 

piezoelectric ZnO nanomaterials. 

iv)  Integration of the PENG device with a TENG device to develop a compact HNG 

that can improve the energy harvesting efficiency as both the PENG and TENG 

components can work simultaneously and/or separately in a single press-and-

release cycle. 

 

1.6 Thesis Overview 

The focus of this thesis is to describe the design, fabrication and characterization 

techniques of PENG, TENG and hybrid devices for improved performance and 

propose new schemes to further enhance their performances. The introduction and 

background discussion in Chapter 1 explains the motivation for this research work 

and the approaches taken to reach the research goals therein by briefly elucidating on 

different energy harvesting technologies for self-powered systems along with their 

theoretical background. Chapter 2 describes various experimental methodologies that 

have been adapted in the research, such as approach for materials selection for the 

PENG and TENG parts, optimization of the synthesis processes to get desired 
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nanostructures, development of a characterization system for the harvester devices 

etc. A comprehensive study on a PENG device based on ZnO nanowires and 

nanoplates is presented in Chapter 4 and the chemistry behind the growth of 1D/2D 

hybrid ZnO nanostructures and their role in the device performance are explained as 

well. This chapter also discusses how to control the growth mechanism of different 

ZnO nanostructures, the critical role of different parameters during the hydrothermal 

growth process and justifies the performance improvement of the PENG device 

resulting from this hybrid material system. Demonstration of a hybrid nanogenerator 

that integrates piezo and tribo electric effects in a single device structure with a 

common electrode between them is presented in Chapter 4. The advantages of the 

hybrid device, for example mutual enhancement of the output voltages of the PENG 

and TENG parts, high electrical output power, potential application for self-powered 

wireless data transmission system etc. are also described. Finally, the thesis concludes 

with the contributions and future outlook of this research in Chapter 5. 
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Chapter 2 

Experimental Methodologies 

The thesis work can be divided into three major parts: materials synthesis, materials 

characterization and device application. The materials synthesis part includes the 

synthesis of ZnO nanowires and nanoplates on different substrates for the 

piezoelectric nanogenerator, creation of nanostructures on the PTFE and aluminium 

surfaces for the triboelectric nanogenerator. Two different levels of characterizations 

have been used in the work: Firstly, structural and morphological characterization and 

analysis of different nanostructured materials; Secondly, device characterization. To 

characterize the as grown nanostructures as well as nanostructured materials different 

techniques such as AFM, SEM, XRD etc. have been employed. And after the device 

fabrication using different target nanomaterials, the devices have been tested using a 

specially designed characterization system including a vibration controller unit, linear 

shaker, power amplifier and accelerometer. 

This chapter starts by describing different techniques for ZnO nanostructure growth 

with a particular focus on hydrothermal method as well as the key factors in this 

method that play critical roles during the solution based growth, for example solution 

concentration, growth temperature, substrate type, seed layer type and thickness etc. 

Then, it proceeds by elucidating on different materials for triboelectric nanogenerator 

and different micro-/nano fabrication techniques to make nanostructures on top of the 

materials’ surfaces as nanostructured tribo materials lead to improved efficient 

friction between two tribo materials thus improve the performance of the triboelectric 

nanogenerators. After that, a systematic way to design a hybrid nanogenerator 

structure has been presented to harvest energy more efficiently and elegantly. Finally, 

this chapter ends by describing the systematic way of device characterization by 

illustrating the set up schematic and required instruments.  
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2.1 Materials for Piezoelectric Nanogenerator 

Recently different piezoelectric materials have attracted close attention as active 

materials in piezoelectric energy harvesters, self-powered sensors, and actuators [52-

53]. To date, many piezoelectric materials, including ZnO nanowires [54-55] and 

nanoplates [56], III-N nanowires [57], piezoelectric ceramics, i.e. lead zirconate titanate 

(PZT) [58-59], barium titanate (BaTiO₃) [60] and poly polyvinylidene difluoride (PVDF) 

[61], have been synthesized and exploited to fabricate piezoelectric nanogenerators 

(PENG) as they significantly improve the device output performance. On the other 

hand, various fabrication processes such as densely aligned nanowire growth, transfer 

techniques, electrospinning, compositing methods, nano-patterning, etc. have been 

extensively studied to achieve high-performance PENG devices [62-64]. Although the 

use of nanostructured piezo electrics is a relatively recent development, and the 

understanding of the nanoscale size effects on piezoelectricity is still being 

formulated, the application of piezoelectric nanostructures to energy harvesting has 

expanded rapidly in the last decade leading to a huge range of reported devices and 

most studies focus on zinc oxide, as its nanostructures are formed relatively easily 

using low temperature methods [65-66]. Until now, numerous works have 

demonstrated the growth of crystallographically-aligned ZnO nanowire (NW) arrays 

using low-temperature chemical synthesis methods on a wide range of substrates [67-

69]. Besides, some reports indicate that it is possible to easily tweak the chemical 

synthesis method to form different nanostructures of ZnO, i.e. nanosheets (NS), 

nanocombs, nanorings, nanohelixes/nanosprings, nanobows, nanobelts, nanocages 

etc. by using of different chemical compositions, or different substrate materials [70]. 

In the first part of this research, our aim is to grow ZnO nanowires and nanosheets on 

different substrates for efficiently harvesting piezoelectric energy and improve the 

performance of the PENG devices based on the ZnO nanostructures. It is well-

established that the performance of a PENG device based on ZnO nanostructures 

depends not only on their piezoelectric coefficient, but also on their ability to suppress 
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the screening effect of mobile charge carriers [71]. As undoped ZnO NWs and NSs are 

typically n-type semiconductors with a high density of electrons and these mobile 

electrons can completely screen out the strain-induced piezoelectric potential [72], 

several approaches have been demonstrated to overcome this fundamental constraint, 

including surface oxygen plasma treatment [73], triboelectric layer insertion [74], p-n 

junction formation [75-76], metal-semiconductor Schottky junction formation [64] etc. 

G. Liu et al have demonstrated that growing p-n junction type ZnO nanowires instead 

of using intrinsic ZnO nanowires can dramatically supress the piezoelectric charge 

screening effect and thus enhances the overall PENG performance up to eleven-fold if 

the doping concentration is properly controlled [77]. So, instead of growing pristine 

ZnO nanostructures, growing p-n junction type ZnO NWs and NSs as well as utilizing 

an easier, straight forward and cost effective method is another focus of this work. 

2.1.1 Synthesis Techniques for ZnO nanostructures 

During the last few decades, various one-dimensional and two-dimensional 

nanostructures have been extensively investigated as they have demonstrated 

enthralling properties due to their quantum confinement effects which results from 

their low dimensionality. Most of the studies have primarily been focused on the 

synthesis and fabrication of this nanostructures cost effectively at the same time 

keeping superior material quality for their practical applications. Typically, two types 

of synthesis and fabrication techniques are generally used for creating and 

manipulating different kinds of nanostructures. One is the so called “bottom-up” 

technique using vapor phase deposition, chemical synthesis, self-assembly and 

location manipulations. The other is the “top-down” approach utilizing different 

lithography equipment and precision engineered tools like cutting, etching, grinding 

etc. to fabricate nanoscale objects out of bulk materials. In the bottom-up category, 

several approaches have been well-established, which include an extensively explored 

vapor phase deposition method, including chemical vapor deposition (CVD) and 
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physical vapor deposition (PVD), and liquid phase deposition (solution synthesis 

approach).   

 

Figure 2.1 (a) SEM image of aligned ZnO nanowires grown on sapphire substrate using a 

thin layer of gold as catalyst. (b) SEM images of gold catalyst patterns using PS sphere 

monolayer as mask. (c) SEM image of aligned ZnO nanowires grown with a honeycomb 

pattern [Adapted from Ref. 78 with permission from The Royal Society of Chemistry]. 

Of all the various morphologies of ZnO nanostructures, ZnO nanowires have become 

increasingly popular for broad range of high-technology applications, ranging from 

surface acoustic wave filters, photonic crystals, light-emitting diode, photodetectors, 

photodiodes, optical modulator waveguides, varistors, and gas sensors, solar cells, to 

energy harvesting devices, due to its wide bandgap, excellent chemical and thermal 

stability, and its specific electrical and optoelectronic property of being a II-VI 

semiconductor with a large exciton binding energy. Besides, due to the simultaneous 

presence of semiconducting and piezoelectric properties [79], intensive and state-of-

the-art research is going on in the area of synthesis and characterization of different 

forms of ZnO nanomaterials including nanowires, nanotubes, nanobelts, nanorods, 
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nanosheets etc. There are numerous techniques that have been used to synthesize 

vertically aligned ZnO nanowires including vapor-liquid-solid processes (VLS) [80], 

solution-based processes [65], electrodeposition [81], sol-gel [82], oxide or polymer-

assisted growth [83] etc.  VLS procedures,  operating at rather high temperatures 

between 900-1400°C, have been a very popular and proficient means of synthesizing 

aligned ZnO nanowires as the vertical alignment of ZnO nanostructures can be 

assisted by either an electric field or through the use of lithographic patterning 

techniques or by proper lattice matching between ZnO and the epitaxial substrate. 

 

Figure 2.2 SEM images of ZnO nanorods formed on sapphire (0001) substrates. (a) Images 

observed from a cleaved surface. (b) Images taken with a tilt angle. (c) Image of the top of a 

single ZnO nanorods [Adapted from Ref. 85 with permission from IOP Publishing].  

Having aligned nanowires is critical for specific applications such as light-emitting 

diodes, field-effect transistors, and lasers [84]. In VLS, there is a metal (e.g., Au, Fe, or 

Sn) that serves as a catalyst to promote the reaction between the specific nanowire 

component(s) and the liquid alloy drops that form for preferred site deposition. Au is 

most commonly used as the catalyst for VLS- based one-dimensional ZnO growth. 

Once the liquid is supersaturated with the reactants, nanowire growth is initiated [85]. 

Nanowire growth is terminated when either the reactants are completely used or 

when the catalyst is no longer in the liquid state due to temperature cooling below its 

eutectic temperature [86]. Moreover, during growth, the aligned growth of nanowires 
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perpendicular to the substrate can be achieved when there is a negligible lattice 

mismatch between the nanowire array and the substrate. The SEM images of aligned 

nanowires grown on AlGaN substrates via the VLS process using a gold catalyst are 

provided in Figure 2.1.  

Another method that is very efficient in producing epitaxial growth of well-aligned 

ZnO nanowires is the metal-organic chemical vapor deposition (MOCVD) method. In 

this method, metal-organic precursors are used to aid the growth process. Some of the 

advantages of MOCVD over the VLS processes is that it has a catalyst-free growth 

mechanism, and much lower temperatures can be employed (350-500°C). 

Furthermore, Zhang et al. have applied MOCVD to discover a feasible means of 

obtaining the growth of ZnO ( c-axis) normal to the substrate, which demonstrates the 

significance of MOCVD in large area industrial ZnO applications [87]. Typically in the 

MOCVD process, metal alkyls such as dimethyl zinc (DMZn) or diethyl zinc (DEZn) 

are used as the precursors that prompt ZnO deposition through its vapor phase 

chemical reactions on the substrate [86]. Typical substrates used in MOCVD include 

SiC, Al2O3 (sapphire), GaN/Si, and GaN/sapphire. The function of the carrier gas 

(e.g.,O2, N2, or Ar) is to transport the precursor reaction into the growth region. 

Moreover, it is important for the precursors that are employed to be as less reactive as 

possible with the carrier gases to lessen the effects of parasitic reactions in the vapor 

phase [86]. 

Figure 2.2 provides SEM images of aligned nanowires grown on sapphire (0001) 

substrates via MOCVD using O2 gas and DEZn as reaction precursors, N2 as the 

carrier gas, and employing substrate temperatures ranging from 400-500°C. 

Although these previously mentioned processes are highly efficient and dominant in 

the synthesis of ZnO nanowires, solution-based processes result in sufficient nanowire 

structures and have proved to be more beneficial due to their simplicity and economic 

feasibility under less rigorous synthesis conditions. In 2003, L.E. Greene et al. 
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demonstrated a low‐temperature wafer‐scale production of ZnO nanowire arrays that 

enables the generation of ZnO nanostructures, at large-scale, low-cost, and moderate 

temperature [65].   

2.1.2 Hydrothermal Growth of ZnO Nanostructures 

Amongst the different methods for the synthesis of ZnO nanostructures, the 

hydrothermal method is attractive for its simplicity and environment friendly 

conditions. This section summarizes the general working mechanism of the 

hydrothermal method as well as the salient influences of different growth parameters 

leading to the growth of different ZnO nanostructures using hydrothermal technique 

such as growth temperature, substrate type, solution concentrations, seed layer etc. 

The conventional hydrothermal method for ZnO nanowires and nanorods growth 

requires zinc nitrate and hexamine solutions in deionized water with similar 

concentrations. Before the hydrothermal growth a thin ZnO seed layer is usually 

deposited as it not only promotes heterogeneous nucleation on an arbitrary substrate 

but also helps grow the nanowires in specific locations and orient the nanowires 

upright for subsequent nanowire growth and it has been confirmed as a requirement 

to grow vertically aligned ZnO nanostructures [69, 90]. ZnO nanowires are grown by 

submerging the seeded substrates inverted in the growth solution at around 850C for 

different growth periods. The basic chemical reactions that take place in the solution 

mixture for the growth of nanowires can be described as follows [88]:  

 

Decomposition reaction: 

(𝐶𝐻2)6 𝑁4 + 6𝐻2𝑂 →  6𝐻𝐶𝐻𝑂 + 4𝑁𝐻3              (1) 

Hydroxyl supply reaction: 

              𝑁𝐻3 +  𝐻2𝑂 ↔  𝑁𝐻4
+ +  𝑂𝐻−                  (2) 
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Supersaturation reaction: 

                 2 𝑂𝐻− +  𝑍𝑛2+  → 𝑍𝑛(𝑂𝐻)2                  (3) 

ZnO nanowires growth reaction: 

                    𝑍𝑛(𝑂𝐻)2  
∆
→   𝑍𝑛𝑂 + 𝐻2𝑂                  (4) 

 

In the hydrothermal approach, due to the presence of several controlling parameters 

that can be easily tweaked to synthesize the desired nanostructures, a controlled 

growth condition is critical. In this research some key parameters such as temperature, 

substrate type, seed layer thickness, and sample duration in solution are few critical 

parameters that has been carefully controlled to assist the growth of particular type of 

nanostructures.   

 

Figure 2.3 Hydrothermal set up for the growth of ZnO nanostructures. 

Figure 2.3 shows the set up for the hydrothermal growth of desired ZnO 

nanostructures. This simple set up consists of a hotplate to precisely set the solution 
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temperature, a magnetic stir-bar to continually establish a uniform solution, a 

thermometer, Al foil covers to minimize evaporation of the solution, a Teflon sample 

carrier, and beakers.  

As this research is aimed to grow different types of ZnO nanostructures for different 

purposes, their growth parameters and conditions will be discussed individually in 

the following chapters. However, it is worth to mention here how few critical 

parameters affect the growth of ZnO nanostructures and what can be the possible 

adjustments to control the growth of a particular type of nanostructures, i.e. 

nanowires, nanorods, nanosheets etc.  

2.1.2.1 Effect of Growth Temperature 

As already discussed, synthesis of different types of ZnO nanostructures has carefully 

been studied because of their unique and attractive properties as well as their versatile 

applications. In the solution based hydrothermal growth method, solution 

temperature plays critical role in the formation of different types of ZnO materials.  

 

Figure 2.4 Effect of temperature in hydrothermal method. (a). Undesired nano-islands 

formation at < 750𝐶, (b) nanowires at 880𝐶, (c) nanorods at 900𝐶, and (d) nanotubes grown at 

970𝐶. [Adapted from Ref. 89 with permission from Minoli Pathirane] 
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During the growth process, the thermal decomposition of zinc nitrate hexahydrate 

provides the required Zn2+ ions while HMTA provides hydroxyl ions at a controlled 

rate to ensure the supply doesn’t get depleted by precipitation [88]. At low 

temperatures, the thermal energy is not enough for species to dissociate and bond thus 

producing desired nanostructures and as a result there is a threshold temperature that 

is required for the growth of ZnO nanowires and nanoplates. Although elevated 

temperatures are expected to help nanostructure growth, continuing to increase the 

temperature beyond a certain temperature threshold lead to unexpected 

nanostructures such as hollow nanotubes or disordered growth of nanowires and 

nanoplates. Consequently, for the growth of ZnO nanowires on PET substrate as well 

as ZnO nanowires/nanoplates on shim substrate, the temperature has been used in the 

range of 85oC to 90oC. 

2.1.2.1 Effect of ZnO Seed Layer 

In the solution based growth of ZnO nanostructures, a thin ZnO seed layer not only 

provides heterogeneous nucleation to facilitate the nanowire and nanoplates growth 

but also helps position the nanostructures in specific locations and orient them 

upright. After Yamabi et al. verified that ZnO nanowires can be grown only if a ZnO 

crystalline seed layer is used [90], researchers have been using different methods to 

deposit a ZnO seed layer before the subsequent hydrothermal growth such as RF-

sputtering of ZnO thin-film in a vacuum chamber, production of ZnO nanoparticles 

from the thermal decomposition of zinc acetate dihydrate salt etc. In this research, 

plasma enhanced chemical vapor deposition (PECVD) has been utilized to deposit 

thin layer of aluminium doped zinc oxide (AZO) as the seed layer at a temperature of 

250oC and process pressure of 5mT. To keep consistency among samples temperature 

and pressure have been kept the same, however, the process time controls the 

thickness of the AZO layer and the thickness of this seed layer plays a critical role in 

the nanostructure formation. 
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.  

Figure 2.5 Multi-chamber PECVD Cluster System. 

As the thickness of the seed layer increases, the nanowire length decreases and the 

nanowire density increases. So to get desired nanowires and nanoplates density with 

expected height, the seed layer thickness is critical and should be optimized. As a too 

thin AZO layer (few nano meters) produces longer nanostructures with lower density 

and too thick (few hundreds of nano meters) produces highly packed nanostructures 

with lower height for a given amount of growth time, AZO layers ranging between 

100nm - 200 nm have been used in this research.  

2.1.2.3 Effect of substrate in hydrothermal method 

To see the effect of different substrates on the growth of different types of ZnO 

nanostructures, a range of substrates have been used ranging from rigid to flexible, 

metal to plastic. From Figure 2.6, it is evident that substrate has a strong influence in 

the growth mechanism of different ZnO nanostructures as well as on their 

morphological properties. When shim (an aluminium alloy) has been used as the 

substrate, the SEM image shows the growth of ZnO nanoplates along with the 

nanowires as shown in Figure 2.6 (d) and for that reason some researchers avoided 
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using aluminium in their device as bottom electrode for optoelectronic applications 

even though aluminium has higher reflectivity and electrical conductivity. 

 

Figure 2.6 Scanning electron microscope images of the as grown ZnO nanostructures on 

(a) Glass substrate with 100nm AZO seed layer. (b) 100nm Cr deposited on glass substrate 

with 100nm AZO seed layer. (c) PET substrate with 200nm AZO seed layer. (d) Shim substrate 

with 400nm AZO seed layer.  

The role of aluminium for the growth of ZnO nanoplates has been investigated in 

detail in Chapter 3.  

2.2 Materials Selection for Triboelectric Nanogenerator 

Triboelectrification is an effect that is known probably ever since the ancient time and 

it exists almost everywhere in our surroundings and also for almost every material 

that we encounter in our day to day life [91], yet it has been usually considered as a 

negative effect as discharges caused by triboelectricity causes many disastrous 

damages until recently before Z. L. Wang et al first demonstrated triboelectric 

nanogenerator (TENG) in 2012 [92] utilizing this triboelectrification effect between 

two dissimilar materials. Since then TENG has evolved drastically mainly because of 
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its unprecedented output performance, straight forward and low cost fabrication 

processes, excellent mechanical robustness and reliability, environmental-friendly etc. 

Besides, the most useful materials for TENG are organic, in fact TENG is the first of 

using organic materials for harvesting mechanical energy [93] that makes them ideal 

candidate for variety of applications ranging from different types of mechanical 

energy harvesting to self-powered sensor systems. Although there are four 

fundamental modes of operation of the TENG that have already been discussed in 

chapter 1, in general a TENG is based on the electrostatic charges created on the 

surfaces of two dissimilar materials when they are brought into physical contact and 

then separated by an external mechanical force [94].  

As the electrostatic charges created on the materials’ surfaces mostly determine the 

output performance of the device, carefully selection of triboelectric materials is of 

great importance. It is well-known that ‘the triboelectric series’ is a list of materials in 

order of decreasing tendency to charge positively (lose electrons), and increasing 

tendency to charge negatively (gain electrons) [93].  

 

Figure 2.7 Example of a triboelectric series that shows an ordering of materials based on 

their empirically derived direction of charge transfer. A material closer to the top of the list 

contacted with a material closer to the bottom of the list will charge positively (while the other 

material charges negatively) [Reproduced from Ref. 96 with permission from IOP Publishing]. 
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To design a TENG structure, two materials one from the top and another from bottom 

of this triboelectric series are usually selected. Once the materials are selected for a 

particular TENG device, there are several ways to enhance the triboelectrification 

effect hence to improve the device performance. For example, the morphologies of the 

surfaces can be fine-tuned by creating different kinds of micro- or nano-structures on 

the surface using different available fabrication processes that are proven to enhance 

the contact area and thus the triboelectrification [91]. Besides, the surface potential can 

be greatly enhanced by the surface functionalization by introducing various 

molecules, nanotubes, nanowires or nanoparticles on the materials surfaces [94]. 

Moreover, composite materials, such as embedding nanoparticles in polymer matrix, 

can be used as contact materials to improve the device performance [95] as these 

materials can enhance the electrostatic induction not only by changing the surface 

electrification, but also by changing the permittivity of the materials. Figure 2.7 shows 

a triboelectric series containing materials according to their tendency to gain or loose 

electrons in frictional and contact charging process. 

2.2.1 PTFE as Triboelectric Material 

Polytetrafluoroethylene (PTFE) is a synthetic fluoropolymer of tetrafluoroethylene 

that consists wholly of carbon and fluorine and is a solid compound at room 

temperature because of its high-molecular-weight. PTFE is the most suitable materials 

for TENG not only because it is one of materials on the triboelectric series having 

highest tendency to attract electrons but also due to its high strength, toughness and 

flexibility that originates from the aggregate effect of carbon-fluorine bonds [97]. 

Figure 2.8 shows two TENG devices based on PTFE thin films when nano porous 

aluminium foil has been used as another triboelectric material in the device as 

aluminium lies on the top side of the triboelectric series and has higher tendency to 

give away electrons during the electrostatic contact.  
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Figure 2.8 Structure and photographs of a flexible multilayered TENG. (a) Schematic and 

(b) an enlarged view of the zigzag-shaped structure of the TENG. (c) SEM image of nano pores 

on aluminum foils. Photograph of a fabricated TENG (d) Normal state (e) Bent by human 

finger [Reproduced from Ref. 98 with permission from American Chemical Society] (f)  

Photograph of the inner structure of shoe insole, showing a TENG installed. The scale bar is 

2cm (g) Schematics from two different angles that reveal the device structure. (h) SEM image 

of nano-pores created at the surface of the aluminum foils. The scale bar is 200nm 

[Reproduced from Ref. 99 with permission from American Chemical Society]. 

The TENG device shown in Figure 2.8 (a) is a multi-layered device that produces the 

instantaneous short-circuit current (Isc) and the open-circuit voltage (Voc) of 0.66 mA 

and 215 V respectively with an instantaneous maximum power density of 9.8 mW/cm2 

[47] and the device shown in Figure 2.8 (f) is a flexible multi-layered TENGs enclosed 
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in the insole to harvest energy from foot pressure during normal walking and each 

TENG generates maximum open-circuit voltage of 220V and short-circuit current of 

600 µA [99]. However, none of these two devices use any surface modification of the 

PTFE film although it is expected to increase the effective friction between two tribo 

layers and to enhance the device performance. Although some other works 

demonstrate the use of PTFE nanowires or nanostructured polyamide (PA) polymer 

film as the tribo electric material layer in TENG devices [100], there is no hybrid energy 

harvester unit up to date that integrates a triboelectric nanogenerator with PTFE film 

and with nanostructures grown on both of the triboelectric layers.  

2.2.2 Nanostructured Materials for Improved Device Performance 

 

 

Figure 2.9 (a) Schematic view and photograph of the hybrid NG. (b) SEM images of the 

nanostructured aluminum electrode. (c) SEM images of the micro/nano dual-scale PDMS 

[Adapted from Ref. 101 with permission from American Chemical Society]. 
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M. Han et al designed and fabricated an r-shaped hybrid nanogenerator as shown in 

Figure 2.9 (a) that uses polydimethylsiloxane (PDMS) layer and aluminum electrode 

as the two triboelectric layers with micro/nanostructures fabricated on both surfaces 

as shown in Figure 2.9 (b) – (c) with an aim of enhancing the device performance [101].  

In this work, by using PVDF, nanostructured Al and micro/nano dual-scale (MNDS) 

PDMS, they innovatively combined the piezoelectric nanogenerator and the 

triboelectric nanogenerator together not only to enhance the output performance of 

individual components but also to improve the piezoelectric output through 

triboelectrification. 

2.3 Design and Working Mechanism of Hybrid Nanogenerator  

Solar cells, electrochemical cells, piezoelectric/triboelectric/pyroelectric 

nanogenerators and magneto electric energy harvesters are enabling technologies for 

converting solar, chemical, mechanical, thermal and magnetic energy into electrical 

energy. Merging two or more of these harvesters to form a hybrid energy cell can help 

optimize operation of self-powered systems, providing multimode energy harvesting 

capability that can leverage several energy sources either simultaneously or 

individually. However, in this research since harvesting mechanical vibration energy 

is the main focus and both the piezoelectric nanogenerator (PENG) and the 

triboelectric nanogenerator (TENG) are able to produce electrical energy from 

vibration and dynamic motion, which makes them ideal candidates for this research 

work. Besides, as the output characteristic, matched resistance and the working 

frequency of the PENGs and the TENGs are very similar, the combination of both 

effects is promising to enhance the energy conversion efficiency from the ambient 

environment [102]. In addition, simulation analysis of the coupling between the 

piezoelectric and triboelectric effects has shed light upon the fact that the output 

performance of the piezoelectric–triboelectric hybrid nanogenerator can be enhanced 

with proper structure design and polarization directions. Although the coupling 
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between these two devices can happen in several ways, the approach in this work is 

to use a shared electrode between the PENG and the TENG components so that 

triboelectric charges through contact with other material can add up onto the PENG 

electrode to enhance the PENG output [101]. Moreover, through rational structure 

design, the device can generate electric output based on these two effects individually 

in a single press-and-release cycle, which can improve the efficiency of energy 

conversion [103].  

 

Figure 2.10 Working mechanism of the piezo/tribo hybrid generator in a press-and-release 

cycle. (a) Initial state without a mechanical force. (b) Piezoelectric potential when the external 

force starts to be applied. (c) Piezoelectric and triboelectric charge distribution at full-contact 

state. (d) Negative piezoelectric and triboelectric generation at separating state. (e) Maximized 

negative piezoelectric potential at Full separation state [Reproduced from Ref. 104 with the 

Creative Commons license].  
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The PENG and TENG devices can work individually or simultaneously in a single 

press-and-release cycle and piezoelectricity can enhance the triboelectric output or 

triboelectricity can enhance the overall output from the PENG device. Figure 2.10 (a)–

(e) shows the schematic illustration of operating mechanism of a typical piezo/tribo 

hybrid energy harvester unit. At the initial state before the contact of the two layers, 

neither piezoelectric nor triboelectric potential is present, as shown in Figure 2.10 (a). 

When an external force starts to be applied on the top layer, in this case, the PVDF has 

a tensile stress and generates a piezoelectric potential between the electrodes on two 

sides of the PVDF film by its deformation and electrons flow from Au2 to Au1, as 

shown in Figure 2.10 (b). Once the top layer touches the bottom layer (full-contact 

state), a physical contact results the triboelectric effect between Au2 electrode and 

PTFE. Since the PTFE tends to gain electrons than the Au, electrons are transferred 

and remain there as electrostatic charges as shown in Figure 2.11 (c). At the moment 

of the full-contact the piezoelectric and triboelectric outputs reaches the maximum 

and then decreases. When the applied force is released (separating state), the PVDF 

film starts to bounce back as shown in Figure 2.10 (d); in such case, since the Au2 

receives electrons back to be neutral charges and the PVDF have a compressive force, 

the hybrid generator produces both negative triboelectric and piezoelectric output 

voltages, and electrons flows from the Al and Au1 to the Au2.When the two layers are 

fully separated, there are no triboelectric potential because it becomes neutral charges 

(Figure 2.10 (e)). The PVDF, on the other hand, generates the maximum piezoelectric 

output because of the maximum strain at the moment of initial state, and piezoelectric 

charges are slowly decreased. Then a full cycle is achieved, and it will go back to the 

equilibrium state. Therefore, both piezoelectric and triboelectric output signals are 

simultaneously obtained within one press-and-release cycle. 

With an aim to harness electrical energy from ambient tiny mechanical vibrations 

more efficiently and effectively, a piezo/tribo hybrid device structure has been 

designed in this work that combines a PENG part that is based on ZnO nanostructures 
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and a TENG part that based on nanotextured PTFE and aluminium. The detailed 

device structure, working mechanism, fabrication processes and characterization 

results are discussed in Chapter 4.  

2.4 Device characterization set up 

Having the piezoelectric property, PENG responses to vibration and dynamic motion 

and on the other hand, TENG scavenges the mechanical energy from impacts, sliding, 

and rotations. Since both the PENG and TENG devices are designed to harvest small-

scale ambient mechanical energy and produce electrical energy, to quantitavely 

Figure 2.11 Block diagram of the setup for measuring the input mechanical vibration and 

output electrical signals of the PENG/TENG/Hybrid devices. This system includes a closed-

loop controller, a linear shaker, a power amplifier and an accelerometer on the input side and 

Stanford low-noise voltage/current preamplifiers along with oscilloscope and force sensors 

on the output side. 
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characterize the PENG and TENG devices, it is important at the same time to know 

the details about the mechanical vibration that is applied to the device, i.e., frequency, 

acceleration, impact, force etc. and to measure the exact electrical outputs for example, 

output open circuit voltage, short circuit current, delivered power to the external load 

etc.  

In this work, the piezoelectric and triboelectric characterization has been carried out 

using a system that includes a closed-loop controller (Vibration Research Corporation, 

VR9500), a linear shaker (Labworks Inc., ET-126B-1), a power amplifier (Labworks Inc. 

PA-138 Linear Power Amplifier) and an accelerometer (Dytran Instruments Inc. 

3055C) to provide sinusoidal waves simulating a vibration source with a known 

amplitude, frequency and acceleration. Output voltage and current signals have been 

measured using Stanford low-noise voltage/current preamplifiers (Model SR560/570) 

along with other required electrical circuit components. To minimize electromagnetic 

interference, the two copper wires connected to the device under test have been 

twisted together. All measurements has been carried out at ambient room 

temperature.  
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Chapter 3 

Controlled growth of 1D/2D hybrid zinc oxide nanostructures 

for piezoelectric energy harvesting 

Piezoelectric nanogenerators (PENG) have manifested their ability over the last 

decade to deliver sustainable electric power to micro-/nano systems (MNSs) or to 

make a wireless system network self-powered by harvesting ambient tiny mechanical 

energy. Most of the advanced PENGs are based on one-dimensional (1D) zinc oxide 

(ZnO) nanostructures (e.g. nanowires, nanorods) due to their high electro mechanical 

coupling behaviour. However, two-dimensional (2D) ZnO nanosheets due to their 

buckling behaviour and formation of a self-formed anionic nanoclay layer, contribute 

to generate direct current (DC) type piezoelectric output. In this chapter, we 

demonstrate a PENG based on the 1D/2D hybrid ZnO nanostructures on the same 

substrate for the first time and discuss about the performance of the device in detail. 

The findings in this chapter has been filed as a patent: 

A. Mahmud, A.A. Khan, P. Voss, D. Ban, "1D/2D Hybrid Piezoelectric Nanogenerator 

and Method for Making Same," US provisional patents, filed June. 04, 2018. (Ref. 1134-

456618US) 

Also, the work in this chapter has been accepted as a journal publication: 

A. Mahmud, A. A. Khan, P. Voss, T. Das, E. Abdel-Rahman, D. Ban, A High 

Performance and Consolidated Piezoelectric Energy Harvester Based on 1D/2D 

Hybrid Zinc Oxide Nanostructures, Adv. Mater. Interfaces (Accepted) 

All experiments in this chapter have been performed by A. Mahmud with the help of 

Dr. T. Das for the device testing unless otherwise mentioned. 
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3.1 Introduction 

Aircraft structural health monitoring (SHM) system is designed to identify the 

“state” of the constituent materials, of the different parts, and of the full assembly of 

these parts constituting the aircraft structure which is based on the observation of the 

system over time using periodically sampled dynamic response measurements from 

an array of sensors [105-107]. Currently, to perform the tasks such as sensing, signal 

conditioning and processing, data storage and communication, supplying power to 

those sensors by means of battery is the only viable option. As piezoelectric energy 

harvesting has emerged as an attractive alternative method [108-112], they can 

possibly be attached to a vibrating mechanical source, such as an airframe, wing, or 

engine to collect the vibration energy and use that energy to power up the sensor 

arrays in the aircraft SHM system thus eliminating the requirement for external power 

source and making the system fully wireless and self-sustaining.  

As nanotechnology is at the frontier of new technologies to create, visualize, 

analyze and manipulate nano-structures, as well as to probe their nano-chemistry, 

nano-mechanics and other properties within the systems, many exciting discoveries 

are currently being made and lots are yet to be made [113-115]. It offers not only to 

miniaturize the systems by replacing bulk materials with different advanced 

nanostructures but also to better understand the physics and chemistry at atomic 

levels. Due to the vast reduction in the size and power consumption of sensors and 

CMOS circuitry over last few decades [116], the area of ambient energy harvesting has 

emerged over the last decade with an aim to realize the self-powered wireless systems 

and networks. We are surrounded by significant amount of wasted energy: thermal, 

mechanical, chemical, RF, solar etc.; mechanical energy is one of the largest sources of 

the wasted energy in the modern civilization. As a result, conscientious and advanced 

research is focused to convert this mechanical energy into electricity in order to power 

electrical devices directly, collect for intermittent higher power devices, or store for 
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later use. Researchers and scientists have adapted nanotechnology as a powerful tool 

in this area of harvesting ambient tiny mechanical energy using different kind of one-

dimensional (1D) and two-dimensional (2D) nanostructures [117-118]. Four types of 

1D nanostructure configurations including nanorods, nanowires (NWs), nanotubes 

and nanobelts have potential applications in nano-electronics, nano optoelectronics, 

nanoelectromechanical systems (NEMS), piezotronics, piezo-phototronics, etc.  

Due to the co-existence of piezoelectric and semiconducting properties in 

several 1D nanostructures (e.g. ZnO and GaN) [119], they are ideal candidate for 

piezoelectric energy harvesting [120-121].  After the first demonstration of PENGs 

based on ZnO nanowire arrays [108], state-of-the-art research is going on in designing 

and fabricating new device structures, applying new methods to improve the device 

performance, integrating PENGs with other type of nano energy harvesters etc. To 

date, most piezoelectric power generators are based on ZnO NWs or nanorods 

because 1D ZnO nanostructures with high aspect ratio exhibit better piezoelectric 

performance - as the piezoelectric coefficient dramatically increases with the increase 

of the aspect ratio. However, they suffer from long-term mechanical stability and 

reliability. So, some piezoelectric power generators have been demonstrated based on 

2D ZnO nanosheets [123,133,155,158], with an aim to get dc type output as well as to 

avoid the mechanical instability and some PENGs based on 2D ZnO nanosheets have 

been integrated with other energy harvesting devices to make hybrid nanogenerators 

[122]. However, it is worth to mention that the power generation from a PENG device 

based on ZnO nanomaterials is dependent solely on the morphology of the ZnO 

nanostructures [123, 156-157]. Here, we report a PENG based on the integration of 1D 

and 2D ZnO nanostructures on the same substrate which is grown using a simple, low 

temperature and low cost hydrothermal method [124] to make the device more 

consolidate by combining the advantages of the aforementioned two types of PENGs 

intertwining two different types of nanostructures. 
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3.2 Material growth and device fabrication 

 

Figure 3.1 (a) 3D schematic of the PENG. (b) Step-by-step fabrication process of the 

PENG. 
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Figure 3.1(a) shows the schematic of the PENG and Figure 3.1(b) shows the illustration 

of the fabrication steps. The structure is fabricated on a 1.2⨯1.2 cm2 shim substrate. 

Shim substrate is an alloy with the following material compositions: aluminium 

(99.29%), zinc (0.04%), manganese (0.04%), silicon (0.13%), iron (0.48%), others 

(0.02%).  

Firstly, the substrate is cleaned using acetone, isopropyl alcohol (IPA) and deionized 

(DI) water respectively. After that a 400 nm aluminium doped zinc oxide (AZO) layer 

is deposited on the substrate using plasma- enhanced chemical vapor deposition 

(PECVD) at 250°C and 5 mT. The AZO layer serves as the seed layer for the 

hydrothermal growth of subsequent ZnO nanostructures and plays a critical role in 

the growth process. After the hydrothermal growth of ZnO nanostructures as 

discussed in the following section, the sample is cleaned using standard process. Then 

a 2% PMMA solution in toluene is spin coated onto the sample and then cured at a 

temperature of 120oC for 3 hours to cover the ZnO nanostructures with 100nm PMMA 

layer. Finally, a 100 nm aluminium layer is deposited on top of the PMMA layer as the 

top electrode using magnetron sputtering. Then two copper wires are connected to 

the top aluminium and the shim substrate which serve as the external electrodes for 

the testing of the device. 

3.2.1 Hydrothermal growth of ZnO nanostructures 

To grow the ZnO nanostructures, the substrate is attached to a precleaned glass 

substrate and immersed into a mixture of solutions: zinc nitrate hexahydrate (25mM), 

hexamethylenetetramine (HMTA) (25 mM) and aluminium nitrate nonahydrate 

(25mM) using a substrate holder in such a way that the AZO deposited layer faces 

downward in order to avoid the accumulation of any debris on the substrate during 

the hydrothermal process [125].  The solution is kept at a constant 88°C during the 

hydrothermal growth which is optimum for the growth of the desired ZnO 

nanostructures instead of growing nanoballs (below 75°C) and nanorods (above 95°C) 
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[126]. The structure height is simply controlled by the growth time. In this study, 

HMTA is used to synthesize the ZnO nanostructures that reacts with water to produce 

ammonia that provides a slow and controlled supply of OH− anions [127]. Due to the 

lowest surface energy of (002) facet, the wurtzite ZnO crystal grows preferentially 

along [001] direction and the growth velocity along <100> directions is slower than 

that along [001] direction that lead to the formation of 1D ZnO nanowires and 

nanorods [124]. However, as the substrate was shim, sheet-like morphology ZnO 

crystals were formed and consequently it is reasonable to assume that Al should be 

responsible for the 2D growth of ZnO and the suppression effect along [001] direction 

is also likely originated from Al. In our work, Al from shim substrate is first dissolved 

into the solution and produce Al(OH)4- ions under alkaline conditions that originates 

from HMTA as Al is an amphoteric metal [129]. 

Al3+ +4 OH- = Al(OH)4-                            (1)  

Al(OH)4- then binds to the Zn2+ terminated (001) surface and suppresses the 

growth along [001] direction which eventually triggers the lateral growth to form thin 

2D ZnO nanoplates [129-131]. M. K. Gupta et al has also confirmed this phenomenon 

by growing 2D ZnO nanosheets with the help of vanadium doping where the doping 

agent vanadium pentoxide (V2O5) forms the vanadium hydroxide [V(OH)4-], which 

can presumably bind to the positively charged Zn2+ terminated (001) surface just like 

the Al(OH)4- in this work [134]. 

3.2.2    Characterization of the nanostructures 

Due to the strong influence of several process parameters in the hydrothermal 

approach to grow ZnO nanostructures such as temperature, seed layer type and 

thickness, concentration of precursor solutions, growth time etc. the process can be 

easily tweaked to synthesize the desired nanostructure [125-126, 128]. Figure 3.2 (a) – 

(b) show the 450 tilted view SEM image of as grown ZnO nanostructures at different 
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scales and distinctly the growth is uniform for a large area. From the magnified image 

in Figure 2 (b), it is clear that both 1D and 2D ZnO nanostructures are grown on the 

substrate. The diameter of the 1D ZnO nanowires varies between 50nm to 120nm with 

an average diameter of 70nm and they are closely packed on the substrate surface 

which is reasonable due to the thick AZO seed layer that not only facilitates to grow 

NWs with higher aspect ratio but also increases the NW density [132]. 

 

 

Figure 3.2 (a) – (b) 450 tilted view SEM images of the hydrothermally grown ZNO 

nanostructure showing the average diameter of the 1D ZnO nanowires is ~70nm and the 

thickness of 2D ZnO nanosheets is approximately 50 nm. (c) SEM image of the cross-section 

of the ZnO nanostructures showing an average height of 1.3 µm. 

The SEM images are also showing that the nanoplates are buckled and having self-

assembled interlaced configuration with a thickness of approximately 50 nm. Figure 

3.2 (c) shows SEM image of the cross-section of the ZnO nanostructures showing an 

average height of 1.3 µm. 
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3.3 Piezoelectric characterization 

3.3.1 Measurement set up 

After the packaging of the fabricated prototype up as shown in Figure 3.3 (a), it has 

been tested using a characterization set up as shown in Figure 3.3 (b) to get the 

quantitative information about piezo response of the device for a particular amount 

of applied vertical strain on top of the device with a particular acceleration and known 

frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 (a) Packaged PENG prototype device ready for testing. (b) General setup of the 

piezoelectric characterization system. The system includes a closed loop controller, a linear 

shaker and a power amplifier unit to provide sinusoidal waves simulating a vibration source 

with a known amplitude and frequency. 
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An electromagnetic shaker unit, Labworks Inc.’s ET-126-1, is used to deliver 

acceleration to a brass rod with a known mass (m = 0.45 kg) acting as a hammer which 

applies the vertical mechanical strain on top of the device mounted on a stopper. The 

shaker is driven using Labworks Inc.’s Pa 138 power amplifier. A controller unit, 

Vibration Research’s VR9500 Revolution, is used to control and maintain the desired 

acceleration amplitude and frequency via closed loop control. Output voltage was 

measured and stored digitally through Tektronix TDC2004C oscilloscope. For output 

current signal acquisition, a low noise current preamplifier, Stanford SR570, is used 

with an input resistance of 10kΩ. 

3.3.2 Results and discussion 

Quantitative experimental measurements are done to get the piezoelectric response 

from the fabricated prototype. The energy harvesting mechanism is based on the 

generation of piezopotential along the NWs c-axis under compressive strain to drive 

charge back and forth between the shim and Al electrodes.  

 

Figure 3.4 (a) Measured open-circuit voltage (average peak value ~4.2 V) and (b) short-

circuit current (average peak value ~8.2 µA) for the PENG. The peak-to-peak displacement 

was kept constant at 5 mm. 
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At the initial state before the hammer strikes the top layer of the device, no 

piezopotential is present. When an external force is applied on the top layer, the tensile 

side surface gives a positive potential; while a negative potential appears on the 

compressive side surface and consequently it generates a negative piezopotential (V-

) at the p-ZnO/PMMA interface and a positive piezopotential (V+) at the AZO/n-ZnO 

interface [132]. Owing to this potential difference between the electrodes and the 

presence of a schottky barrier formed in the metal-insulator-semiconductor (MIS) 

junction with Al/PMMA/p-ZnO, electrons flow from the Al electrode to shim 

electrode through an external circuit creating a positive current pulse and this 

continues until the material system reaches an equilibrium which eventually makes 

the output zero. When the force is released, the piezopotential fades away and the 

electrons from shim electrode flow back to Al electrode to establish an equilibrium 

and a negative pulse is observed and after the equilibrium is achieved, the device gets 

back to its initial state. Figure 3.4 shows the open circuit voltage and short circuit 

current that is obtained from the device when tested under a sinusoidal mechanical 

force with a frequency of 5 Hz and the hammer peak-to-peak displacement is kept 

5mm. The force applied on the device is set to be 5N for all the measurements by using 

a force sensor. Under the above condition, the device produces peak to peak open 

circuit voltage of ~10.18V and short circuit current of ~15.9µA. The device produces 

an average peak output voltage of ~4.2V, an average current density of ~6.08µA/cm2 

(average current is 8.75µA and device area is 1.44cm2) and an instantaneous peak 

power density of ~25.536 µW/cm2. Another PENG device on Polyethylene 

terephthalate (PET) substrate with the same device structure and size is fabricated 

following the exact same fabrication steps and processes. Figure 3.5(g) shows the SEM 

image of the grown 1D ZnO NWs when PET substrate has been used and it 

corroborates that Al from the shim substrate mainly results the formation of 2D ZnO 

nanoplates. The average peak-to-peak output open circuit voltages from the PENG on 

PET substrate and the PENG on shim substrate are 7.85V and 10.65V respectively as 
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Figure 3.5 Structure and working mechanism of 1D and 2D ZnO nanostructure based 

PENGs.  (a) ZnO nanowire based PENG with no external applied force. (b) Electrons flow 

from the top electrode to the bottom electrode through the external circuit by the negative 

piezoelectric potential generated at the top side of the ZnO nanowires under external strain. 

(c) Electrons flow back via the external circuit till it goes back to its initial state when the force 

is released. (d) As fabricated ZnO nanosheets based PENG in the absence of any external force. 

(e) Piezoelectric potential causes electrons’ flow from the top electrode to the bottom electrode 

side through the external circuit under direct compression in the vertical direction. (f) As the 

compressive strain is released, the piezopotential disappears and device goes back to its initial 

state. Reproduced from Ref. 134 with from American Chemical Society. (g) SEM image of 1D 

ZnO NWs grown on PET substrate using the same hydrothermal process as the current PENG 

device. (h) Open circuit voltages for the PENG devices on PET (blue) and shim (red) 

substrates.  
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shown in Figure 3.5(h) and it clearly indicates that the higher piezopotential is 

generated in the later device under the same testing condition. The enhanced output 

of the device compared to PENGs based on 1D ZnO NWs[112,117,154] and PENGs 

based on 2D ZnO nanosheets[112-123, 133, 158] can be attributed to the following: 

Firstly, when an external mechanical force is applied, as the ZnO nanowires are 

compressed along their growth (c-axis) direction, piezoelectric fields are created 

inside the 1D ZnO nanostructures with the upper side negatively charged and the 

bottom surface positively charged [120] as shown in Figure 3.5 (a) – (c) and at the same 

time the buckling behavior of 2D ZnO nanosheets also contributes to the 

piezopotential which comes from the piezoelectric behavior of the nanosheets and a 

negative piezoelectric potential is induced in the compressive side of nanosheets (top 

side) and a positive piezoelectric potential on the other side (bottom side) of 

nanosheets as shown in Figure 3.5(d) – (f) [133-134]. Interestingly, M. K. Gupta and 

co-workers demonstrated a 100-fold increase in the current density in case of 2D V-

doped ZnO nanosheet based PENG compared to 1D ZnO nanowire based PENG 

under the same applied mechanical force. So, it is intuitive to primarily attribute the 

enhancement of the output to the integration of 1D/2D ZnO nanostructures [134]. 

Besides, Sang-Woo Kim and co-workers implied that the strain-energy density 

of the ZnO nanosheets is about ten times higher than that of the ZnO nanowires and 

unlike ZnO NWs, 2D ZnO nanosheets can sustain mechanical forces above critical 

load [133]. And as in this work the device is based on the integration of 1D/2D ZnO 

nanostructures, it is also expected to be more robust in terms of load handling 

compared to the PENG based on only 1D ZnO nanowires. Moreover, the work by M. 

H. Jung et al has manifested that the electron diffusion coefficient (Dn) of the ZnO 

nanowires is higher compared to that of the ZnO nanosheet ones, which has been 

credited to the effective charge screening in the ZnO nanowire [159]. 
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Secondly, to suppress the piezoelectric ‘charge screening effect’ which is one of the 

most detrimental effects for PENGs, in our previous work we have used a novel two-

step hydrothermal method to grow p-n junction type ZnO nanowires instead of using 

intrinsic ZnO nanowires and demonstrated that the overall NG performance can be 

enhanced by up to eleven-fold if the doping concentration is properly controlled [136]. 

The p-n junction prevents the piezo-induced charges to be screened out within a NW 

that suppresses the local charge screening effect and consequently enhances the 

overall device performance [135-136, 154]. In this work, the same hydrothermal 

growth method has been adapted to make the ZnO nanostructures p-n junction type 

by adding a doping reagent (LiNO3) during the second half of the hydrothermal 

growth of nanostructures. Thirdly, it is well established that for a PENG to work, the 

difference between the work function of the top metal electrode and the electron 

affinity of ZnO nanowire arrays must be high enough to hold the charges from leaking 

[148]. Although Pt, Au, graphene etc. electrodes have been mostly used to form high 

enough Schottky barrier between the metal electrode and the ZnO nanostructures 

[149-150], it has also been demonstrated that rather than a metal-semiconductor 

Schottky barrier, it is possible to build a ZnO nanowire based PENG device using a 

semiconductor p-n junction [151-152]. The key point is to make enough effective 

Schottky barrier height (SBH) between the top electrode and the semiconducting ZnO 

nanostructures so that the piezoelectric charges can’t leak to screen out the 

piezopotential. In 2014, Z. Zhang et al has demonstrated an innovative way to avoid 

the SBH lowering at the ZnO–metal interface by inserting an insulator (Al2O3) layer 

between semiconductor and metal electrode thus forming a metal-insulator-

semiconductor (MIS) junction [153]. In the present work after the growth of the 

nanostructures, they are covered with a thin PMMA insulating polymer layer not only 

to form a MIS junction at the top of the device but also to provide a polymer matrix to 

protect the nanostructures against damage during the device operation hence making 

it more robust [137]. As the electron affinity of ZnO (4.3 eV) and work function of 
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aluminium (4.26 eV) can’t make a high enough Schottky barrier to hold the charges 

from leaking, an insulating PMMA layer with high work function (5 eV), is inserted 

between them to form a MIS junction that increases the effective SBH of the MIS 

junction to hold the piezoelectric charges from leaking. Besides, due to its flexibility, 

PMMA doesn’t interfere with the external mechanical strain applied to the 

nanostructure and it also prevents electrical shortage between the top and bottom 

electrodes of the device [138]. Finally, there are some other effects such as 

flexoelectricity [139-140], polarization gradient [141] and surface effect [140], they can 

contribute to the enhancement of the performance of the device. Flexoelectricity is a 

property of a dielectric material that causes polarization due to non-uniform strain in 

the material. When a dielectric material experiences mechanical stress , its electric 

polarization (pi) can expressed as follows [142], 

Pi= dijk σjk + µijkl  δεjk/δx 

Where, dijk corresponds to direct piezoelectric effect, µijkl is a fourth-rank polar 

tensor corresponding to flexoelectric effect, σjk and εjk  are second-order Cartesian 

stress and permittivity tensor respectively. Although under the classical piezoelectric 

theory, the flexoelectric effect is not considered, they can play significant role for nano 

devices because NWs have different heights, which can result in non-uniform 

mechanical stress from point to point in the material. It is highly possible in the 

aforementioned PENG incorporating 1D/2D ZnO nanostructures as the 

nanostructures have different heights as it can be noticed from Figure 2. 

Figure 3.6 (a) – (b) show the output open circuit voltages and short circuit currents 

respectively at different frequencies when the force is kept fixed at 5N and the hammer 

peak-to-peak displacement is 5mm. Since the impact acceleration on the device 

increases as the frequency increases at constant force, the output piezopotential 

increases and eventually enhances the output open circuit voltage and current [132]. 

Figure 3.6 (c) - (d) show the output open circuit voltages and short circuit currents 
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respectively at different acceleration levels when the force and the frequency are kept 

fixed at 5N and 5Hz respectively. The average peak output voltages and currents 

increase linearly with the applied frequency and acceleration. 

 

Figure 3.6 Output performance of the PENG. (a) Open circuit voltages and (b) Short 

circuit currents at different frequencies. (c) Open circuit voltages and (d) Short circuit currents 

at different accelerations. 

Figure 3.6 (a) - (b) show the average open circuit voltages and short circuit currents at 

5 Hz, 10 Hz, 15 Hz and 20 Hz that indicate a liner relationship of  both the open circuit 

voltage and short circuit current with frequency. 

This can be attributed to the fact that at 5 Hz the PENG is below the resonant vibration 

frequency, as above 5Hz the output voltage and current still increases linearly as 

shown by the voltage and current changing trends in Figure 3.6(a) - (b) and when a 

PENG operates below its resonant frequency, the output voltage and current show a 
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linear dependence on the acceleration level [143]. When the excitation frequency 

approaches to the resonance frequency, the output gets saturated and beyond the 

resonant frequency, the output drops quickly [143-144]. However, as the frequencies 

of environmental vibration sources are relatively low [145-146] this device will not 

reach to its resonant frequency and is capable of producing enhanced piezopotential.  

In addition, when the device is excited and deflected with higher acceleration 

amplitudes and higher frequencies, not only the longer NWs experience larger 

deformation but also shorter nanowires get enough deformation to give rise to 

piezoelectric potential [132] This can effectively increase the output voltage and 

current, hence the total output power of the NGs in both the frequency and 

acceleration sweeps.  

 

Figure 3.7   The load resistance dependence of instantaneous electrical power from the 

fabricated PENG. As the load increases from 10kΩ power increases, then reaches a maximum 

value of 8.4 µW/cm2 at the matched load of 10MΩ and drops off with further increase in load. 
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Moreover, the electrical output performance of fabricated PENG to the external load 

is systematically investigated by connecting variable resistances from 10kΩ to 200MΩ 

as shown in Figure 3.7. The maximum output power density of 8.4µW/cm2 is achieved 

with an external load of 10MΩ. This is because the current decreases with an increase 

of load resistance owing to the ohmic loss [147] as shown in Figure 3.7 and 

instantaneous maximum power value is achieved when the load resistance matches 

with the internal resistance of the device. The internal resistance for this kind of 

vertical nanowire array integrated nanogenerator (VING) is several MΩs [117] 

Therefore, this ZnO hybrid nanostructure based nanogenerator shows a promising 

output performance with a better mechanical robustness, revealing its great potential 

to power wearable electronic devices. 

3.4 Conclusion 

In this work, 1D/2D ZnO hybrid nanostructures are grown on the same 

substrate using a simple, low temperature hydrothermal method with an aim to make 

a PENG based on the hybrid nanostructures so that it can combine the advantages of 

PENGs based on ZnO NWs or nanorods (e.g. high electro-mechanical coupling) and 

PENGs based on 2D ZnO nanosheets (e.g. high mechanical stability). The fabricated 

device is tested under different mechanical stress with different applied frequencies 

and acceleration levels which indicates the robustness of the device. The output open 

circuit voltage and short circuit current is almost identical in each cycle of mechanical 

force under the same measurement condition and at a force of 5N and with a 

frequency of 5Hz the average peak-to-peak output open circuit voltage and short 

circuit current reach up to 10.18V and 15.9µA respectively which corroborates the 

prospective of the device to power up array of sensors in an aircraft SHM system and 

hence making it self-powered. The device also shows a new strategy of integrating 

different nanostructures on the same substrate to enhance the performance in terms 

of the electrical output as well as the mechanical stability both of which are critical for 
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practical application of the device. The incorporation of hybrid nanostructures, p-n 

junction type ZnO NWs and insertion of PMMA matrix lead to a miniaturized energy 

harvesting unit that can also be benefited from flexoelectric effect, surface effect, etc. 
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Chapter 4 

Piezo-tribo hybrid energy harvester based on inorganic-

organic nanostructured materials  

Recently, different types of hybrid energy harvesting devices have been demonstrated 

to convert different kind of available but mostly wasted type of surrounding energies 

such as mechanical, chemical, thermal, solar etc. with an aim to develop self powered 

electronic systems. In this chapter, we have demonstrated a novel hybrid 

nanogenerator consisting of piezoelectric and triboelectric components that mutually 

enhances the performance of each other and can operate independently and/or 

simultaneously to convert mechanical energy into electrical energy in a single press-

and-release cycle. This hybrid energy harvesting device is based on nanostructured 

organic/inorganic materials, i.e. ZnO nanowire and nanoplates for the piezoelectric 

part and nanotextured PTFE and Al for the triboelectric part. 

This chapter has been submitted as a journal publication: 

A. Mahmud, A. A. Khan, S. Islam, P. Voss, D. Ban, High Performance Piezo-tribo 

Hybrid Energy Harvester Based on Inorganic-Organic Nanostructured Materials, 

Nano Energy, under review. 

All experiments in this chapter have been performed by A. Mahmud with the help A. 

A. Khan unless otherwise mentioned. 

4.1 Introduction 

Intensive and state-of-the-art research in the area of energy harvesting using 

nanotechnology [160, 190] is going on mainly because of two reasons: to realize the 

self-powered electronics [160-161, 193] as portable devices, sensors, and wireless body 

implantable devices consume very low electrical power [162] and to reduce global 

dependency on energy sources based on fossil fuels [163]. Recent advances in 
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piezoelectric and triboelectric power generators has corroborated the huge potential 

of their application to convert mechanical energy into electricity which is one of the 

largest sources of the wasted energy in the modern civilization [164-172]. 

Nevertheless, there are several physical and technological issues and challenges that 

need to be addressed and overcome to realize a complete self-powered electronic 

system based on nanogenerators [166, 170]. For example, higher and steady output 

power, low cost and reasonable fabrication process complexity, long-term durability 

and robustness are some of the critical factors that are still turning them away from 

practical applications and until now it is hardly possible for a single nanogenerator to 

meet all these criteria. Current efforts are mainly focused on enhancing the conversion 

efficiency and output performance of existing nanogenerators by utilizing different 

techniques such as prudent triboelectric materials selection[12,14], enhancement of the 

effective contact area of the triboelectric materials by creative different micro/nano 

structures on the material surface [174-175], increasing the piezopotential by 

suppressing the charge screening effect [176-177] , increasing the charge density via 

charge injection/polarization by integrating hybrid piezoelectric/triboelectric 

structures together [178-179] etc. 

In this paper, keeping in mind the aforementioned issues and the favorable 

ways to enhance the performance, we demonstrate one prototype of a hybrid 

nanogenerator that intertwines the advantages of a piezoelectric and a triboelectric 

energy harvesters and due to a common electrode they enhance the performance of 

each other [175, 180-181] as well as the device can harvest mechanical energy from 

vibration based on these two effects individually in a single press-and-release cycle, 

which can lead to higher energy conversion efficiency [182-183]. To take advantage of 

the efficient friction between the two tribo layers which is known to enhance the 

triboelectric performance of the device [184-185], an easy and straightforward 

technique has been employed to make nanostructures on the PTFE surface [184] and 

a simple DI water treatment has been used to make the Al surface nanotextured [185]. 
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Alongside, as the p-n junction type ZnO nanostructures have demonstrated better 

piezoelectric performance in compared to pristine ZnO nanowires [186-187], we have 

utilized the advantages of a low temperature, cost efficient and straight forward 

hydrothermal method to grow the p-n junction type ZnO nanostructures as reported 

in our previous work [186, 188]. In this hybrid device structure, since the piezoelectric 

part and the triboelectric part work mutually in a single press-and-release cycle, it 

enhances the output open circuit voltage, short circuit current and thus the output 

power density. Under 1g acceleration and 25Hz frequency,  the piezoelectric part 

produces an average peak-to-peak output voltage of ~34.8V and an average peak short 

circuit current of ~5.2µA when the triboelectric part produces an average peak-to-peak 

output voltage of ~356V and an average peak short circuit current of ~38µA when they 

were tested separately. Using two full-wave bridge rectifiers, we combined the output 

of the devices together and obtained an average peak output voltage, current density, 

and power density of ~ 186V, 10.08 µA/cm2, and 1.864 mW/cm2, respectively. When 

the triboelectric and piezoelectric components of this hybrid structure can charge a 

4.7µF capacitor up to 3.6V and 8.3V respectively in 100s, within the same time the 

same capacitor gets charged up to 10.7V with the hybrid operation mode that clearly 

proclaims the superior performance of the hybrid device with respect to its individual 

parts. 

4.2 Device structure and working principle 

Figure 4.1 (a) shows the 3D schematic of the curved shaped triboelectric 

nanogenerator integrated on top of the flat shaped piezoelectric device. The 

piezoelectric part consists of the Al/ p-n junction type ZnO nanostructures (covered 

with PMMA)/AZO/Cr/shim substrate from bottom and the triboelectric part consists 

of PET/Cu/PTFE (with nanostructures on the surface)/nanoporous shim from the top 

of the structure. To simultaneously utilize the piezoelectric and triboelectric response, 

this device has a common electrode, the shim substrate, an aluminium alloy with the 
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following material compositions: aluminium (99.29%), zinc (0.04%), manganese 

(0.04%), silicon (0.13%), iron (0.48%), others (0.02%). It is worth mentioning that this 

device works based on vertical press and release mechanism. Figure 4.2 shows the 

illustration of the working mechanism of the device. At the initial state, as the 

nanoporous shim surface and the PTFE surface are not in contact, there is no tribo 

induced charge accumulation hence no triboelectric output. Also at this state as the 

ZnO nanostructures are not strained, there is no piezoelectric charge distribution in 

them, so no piezo potential in this state. When an external force is applied on top of 

the device, the top PTFE layer starts to move closer to the nanoporous shim surface 

and eventually touches each other which causes charge transfer between two layers. 

Since Al is much higher in the triboelectric series with respect to PTFE, electrons are 

transferred to Cu electrode from shim electrode which causes a current flow from Cu 

electrode to shim electrode through the external load. At the same time, as the ZnO 

nanostructures are vertically strained due to the external applied force, one side of the 

nanostructures gets positively charged and another side of the nanostructures gets 

negatively charged. And because of this negative piezopotential (V-) at the p-

ZnO/PMMA interface and positive piezopotential (V+) at the AZO/n-ZnO interface, 

electrons flow from shim electrode to aluminium electrode resulting a current to flow 

in opposite direction through the external load. Soon after the device is pressed, the 

charges in both parts reach to equilibrium which drives the piezoelectric and 

triboelectric output to zero at this state. Once the compressive force is released, the 

two triboelectric layers start to loose contact and move away due to the elastic 

property of the PET layer which drives the electrons back from Cu electrode to shim 

electrode through external load which is opposite to the electron flow during the 

compressive state and causes a current to flow in opposite direction resulting an AC 

signal for a complete cycle. At the same time, as the strain is released, the 

piezopotential in the ZnO nanostructure arrays fades away and consequently the 

electrons around the Al electrode flow back to the shim  
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Figure 4.1 (a) 3D schematic of the curved shaped hybrid device. (b) Average peak-to-peak 

output open circuit voltage from the two components of the device at different frequencies. 

(c) Output open circuit voltage from the piezo and triboelectric components in a single press-

and-release cycle. [To visually compare the results from the PENG and TENG parts, output 

from the PENG has been multiplied by 8 and 10 in (b) and (c) respectively] 

electrode via the external load resulting a current flow in opposite direction with 

respect to the compressive state. Finally, both part of the hybrid NG is released and 
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reaches equilibrium again, thus yielding zero output. Hence, we can simultaneously 

get both the piezoelectric and triboelectric output signals within one press-and-release  

 

Figure 4.2 Illustration of the working mechanism of the device in a single press-and-

release cycle of applied mechanical vibration. 

cycle as shown in Figure 4.1 (c) and that is the main purpose of integrating the two 

devices together to enhance the energy conversion efficiency of the device. Before 

starting the device characterization, i.e. open circuit voltage, short circuit current, 

output power, charging capability etc., the optimized operating frequency was 

figured out by sweeping the frequency of the applied mechanical vibration from 1Hz 

to 250Hz as shown in Figure 4.1 (b) and both of the piezo and tribo electric components 

yield highest output voltage at 25Hz and the subsequent measurements are done at 

this frequency unless otherwise mentioned.  
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4.3 Experimental Section 

4.3.1 Materials characterization and device fabrication 

Figure 4.3 The fabrication process of the hybrid nanogenerator. (a) – (g) Step-by-step 

progress towards the piezoelectric part of the device. (h) – (k) Fabrication steps for the 

triboelectric part of the device. (l) Integration of piezo and tribo components together to make 

the hybrid structure. 

Figure 4.3 shows the step-by-step fabrication of the hybrid nanogenerator. The 

fabrication of the entire device can be divided into two parts: the PENG part and 

TENG part. Firstly, a 2.5cm⨯2 cm piece of shim was cut as the substrate material. To 

make one of its surfaces nanoporous the substrate was immersed into DI water at a 
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temperature of 120oC for 30minutes while the other surface was covered with kapton 

tape so that it doesn’t come in contact with DI water. Then for the piezoelectric device, 

a 200nm aluminium doped zinc oxide (AZO) layer was deposited on the intact side of 

the substrate using plasma-enhanced chemical vapour deposition (PECVD) which 

serves as the seed layer for the hydrothermal growth of the ZnO nanostructures. After 

that the hydrothermal growth was carried out in such a way that nanoporous shim 

surface doesn’t come in contact with the solution and the AZO surface faces 

downward. Immediately after the growth of n type ZnO nanostructures, for the 

growth of p type ZnO nanostructures hence making p-n junction type ZnO 

nanostructures, a doping reagent was added in the second half of the hydrothermal 

growth [188]. In both cases the solution temperature was fixed at a constant 

temperature of 88oC and nanostructure length was controlled by the growth time. 

After the hydrothermal growth of nanostructures, sample was cleaned using standard 

 

Figure 4.4 Materials characterization (a) AFM image of shim substrate. Top view SEM 

images of (b) the nanostructured shim surface (c) as grown ZnO NWs along with nano plate 

structures (d) nanostructured PTFE surface. 
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On the other hand to make the triboelectric part of the hybrid nanogenerator, one 

piece of 100um thick PTFE of the same size as the shim substrate was cleaned using 

standard process and a 10nm Au layer was deposited using electron beam 

evaporation. Subsequently, the ICP reactive ion etching was applied to create the 

nanostructures on the surface [184]. After the formation for nanostructures on the 

surface of the PTFE, copper was deposited on the PTFE as an electrode using e-beam 

evaporation and then it was glued to an arc shaped PET substrate with double sided 

copper tape. The PET substrate was precleaned using standard process and arc shape 

was made using heat treatment. Later on, the two parts were assembled together to 

complete the hybrid device as illustrated in Figure 4.3.  Finally three copper wires 

were connected to the three electrodes (shim, bottom Al and Cu) for the 

characterization of the device.   

After the cleaning of shim substrate using standard cleaning process, AFM was taken 

to make sure the substrate surface is smooth enough not to make any issue for the 

subsequent materials growth particularly ZnO nanostructure growth. Figure 4.4 (a) 

shows the 3D topography of the substrate surface and the measured surface 

roughness was 45 nm which is not high to make any significant impact for the 

subsequent nanostructure growth. Figure 4.4 (b) shows the shim substrate surface 

after the DI water treatment, this nanostructured surface effectively increases the 

friction between the PTFE layer and the shim layer and thus enhances the tribo electric 

charge density.  

The piezoelectric part of this device is based on 1D/2D hybrid ZnO nanostructures 

which was grown using the low temperature hydrothermal method. Figure 4.4 (c) 

shows the ZnO nanowires with an average diameter of 70 nm along with the ZnO 

nanoplates with an average thickness 50 nm. The growth of 2D ZnO nanoplates is 

mainly attributed to the use of shim substrate. Shim substrate is mostly aluminium 

that partly dissolves in the solutions and produces Al(OH)4- ions [191] and those ions 
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bind to the Zn2+  terminated (001) surface and suppresses the growth of ZNO 

nanowires along [001] direction [192], which eventually triggers the lateral growth to 

form thin 2D ZnO nanoplates. For the triboelectric part, to further enhance the tribo 

electric charge density, nanostructures were grown on the PTFE surface using RIE 

etching and thin layer of gold as a mask for the etching process. The SEM image of the 

top surface of the nanostructured PTFE shown in Figure 4.4 (d) manifests the uniform 

formation of nanostructures on the PTFE surface.   

4.3.2 Results and discussion 

After the packaging of the fabricated prototype device, it has been tested using the 

characterization set up as shown in Figure 2.10 to get the quantitative information 

about electromechanical response of the device for a particular amount of applied 

vertical strain on top of the device with a particular acceleration and known 

frequency. When the output performance is measured separately, this piezo-tribo 

hybrid energy harvester unit with a dimension of 2⨯2.5 cm2 produces piezoelectric 

and triboelectric peak-to-peak output voltages of ~34.8V and ~356V respectively as 

shown in Figure 4.5 (a) - (b).  

However, when the two units are combined in parallel to get the hybrid operation 

mode, it produces a peak-to-peak output open circuit voltage of ~106V as shown in 

Figure 4.5 (c), which can be attributed to the mismatch between the internal resistances 

of piezoelectric and triboelectric nanogenerator units as it is well established that 

when two power sources are connected in parallel, the power source with a lower 

internal impedance dominates the output voltage [189].  

Besides, at the testing frequency, the phase difference between the voltages from two 

different units results voltage cancelation and thus degrades the output voltage. To 

eschew the foregoing issues, two bridge rectifier units have been utilized to collect the 

electrical signals from two different units separately (Figure 4.5 (d)) as well as from 

their hybrid operation mode (Figure 4.5 (e)) because full-wave bridge rectifiers do not 
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allow voltage degradation due to the different internal resistances and eliminate the 

voltage cancellation effect from the phase mismatch [180-181].  

 

Figure 4.5 Output open circuit voltage of (a) piezoelectric, (b) triboelectric and (c) hybrid 

nanogenerator without using rectifiers. (d) Concurrent measurement method for piezo and 

tribo electric outputs. (e) The piezoelectric and triboelectric outputs are combined in parallel 

for the hybrid output measurement. Measured piezoelectric, triboelectric and hybrid output 

open-circuit voltages (e) and short-circuit currents (f) using the rectifier circuits. 
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Figure 4.5 (f) – (g) show the rectified piezoelectric, triboelectric, and hybrid open-

circuit voltages and short-circuit currents under a periodic mechanical vibration at 

25Hz frequency, 1G acceleration and 5mm peak-to-peak hammer displacement. When 

the two units are connected as shown in Figure 4.5 (d), the output voltages are 

basically the rectified voltage from two separate units and produces an average peak 

voltage of ~25V for PENG unit and ~160V for TENG unit but interestingly when both 

the piezo and triboelectric outputs are combined for hybrid operation mode as shown 

in Figure 4.5 (e), the measured output voltage reaches an average peak value of ~186V 

and this enhancement might result due to the induced charges on the common 

electrode caused by the triboelectric or the piezoelectric charges in addition to the 

original piezoelectric or triboelectric output. As shown in Figure 4.5 (g), the PENG, 

TENG and their hybrid operation mode produce an average short circuit current of 

~1.04µA/cm2, ~7.02 µA/cm2 and ~8.1µA/cm2 respectively. The small fluctuation in the 

output signals can be attributed to the small and unavoidable small fluctuation in the 

effective mechanical vibration impacts from the mechanical part of the testing set up. 

The measured short circuit current signals demonstrate that the currents from the two 

units are effectively added up in their hybrid operation as expected. Besides, this 

hybrid energy harvester unit has a maximum output open-circuit voltage and short-

circuit current density of 186V and 10.02 µA/cm2 respectively, and that results an 

instantaneous maximum output power of ~1.864 mW/cm2. 

Combining PENG and TENG together in a single structure can enhance the output of 

each other through the interaction of the triboelectric and piezoelectric potential 

where the enhanced output of each component consists of two parts – (i) the original 

piezoelectric or triboelectric output, and (ii) the induced charges on the electrode 

caused by the triboelectric charges or the piezoelectric potential, which contribute to 

the enhancement [175, 181, 194]. The experimental measurement confirms that due to 

the influence of triboelectric charges, the peak to peak output voltage of PENG 
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increases from 34.8V to 120V. On the other hand, the induced charges on the common 

electrode  

 

Figure 4.6 Mutual output enhancement of PENG and TENG (a) Voc of PENG when acting 

alone, (b) Voc of PENG enhanced by the electrostatic induced charge on the shim substrate, 

(c) Voc of TENG when acting alone, (d) Voc of TENG enhanced by the piezoelectric induced 

charge on the common electrode. 

caused by the strained ZnO nanostructure, the peak to peak output voltage of TENG 

also increases from 352V to 420V. Detailed time domain output voltages with the 

output enhancement is shown in Figure 4.6.  

Moreover, to confirm that the measured output signals of the PENG device are 

generated by the piezoelectric properties of the ZnO nanostructured materials, we 

conducted switching polarity test [195] and the polarity of the output signal is inverted 
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when the connection of the measurement instrument is switched as shown in Figure 

4.7.  

 

Figure 4.7 The measured output voltage signals of the PENG device in (a) forward 

connection, and (b) reverse connection of the measurement instrument during testing.   

The load matching of the hybrid energy cell has been performed by varying the load 

resistor from 5Ω to 105MΩ and measuring the corresponding voltages across different 

loads and currents through different loads as shown in Figure 4.8 (a) and the power 

delivered to the load has been calculated from the measure values of currents and 

voltages and plotted against different loads (Figure 4.8 (b)) and the device yields a 

maximum output power of 0.774mW at a match load of 21MΩ. To further investigate 

the supremacy of the hybrid deice over its individual components, a 4.7µF capacitor 

has been charged using the piezo, tribo and hybrid configuration of the device and 

Figure 4.8 (c) shows that with the hybrid operation mode the capacitor is charged up 

to 12V within 120s when the piezo and tribo electric device parts can charge the same 

capacitor up to 3.7V and 9.4V respectively in 120s. Several other commercial capacitors 

have been charged with the hybrid device operation mode and the device is able to 

charge up to 470µF capacitor quite fast as shown in Figure 4.8 (d). 
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Figure 4.8 Electrical characterization of the hybrid device (a) output voltages and 

currents for different loads varying from 20kΩ to 105MΩ, (b) output power as a 

function of load resistance (c) Charging characteristic of the device with a 4.7µF 

capacitor. (d) Fast charging behavior of the device with different capacitors (e) –(f) 

Output voltage signal and charging behavior of the device with normal human 

movements (g) Collected output signal by the harvester from human walking. 
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Figure 4.9 (a) Energy collection using commercial piezoelectric energy harvesting unit 

with 6.8µF and 47µF capacitors in the input and output side respectively. (b) Circuit diagram 

for energy collection from the hybrid device using Linear Technology's LTC3588-1LTC. (Input 

side capacitor = 6.8µF and output side capacitor 47µF). 

Later on, to validate the future possibility of the hybrid device for wearable devices, 

the device was placed under a wristband fitness tracker and the device produces an 

average peak to peak voltage of 160V from normal hand movement as shown in 

Figure 4.8 (e) and from this normal hand movement the device is able to charge 

commercial capacitors up to few volts within seconds (Figure 4.8 (f)) that clearly 

exhibits their ability to be used to develop self-powered wearable devices. Moreover, 

the device was assembled under the shoe to harvest energy from human walking to 
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corroborate its potential further for self-powered wearable electronics. Figure 4.8 (g) 

shows the output signal collected from walking using the hybrid configuration and 

the output voltage can go as high as 672V peak to peak that can be collected efficiently 

for subsequent use.  

 

Figure 4.10  Measured open-circuit voltage of the (a) – (d) TENG, and (e) - (h) PENG device 

tested over three consecutive weeks. The response remains unchanged, which demonstrates 

the stability and reliability of the device. The excitation frequency and the acceleration 

amplitude were 25Hz and 1G respectively in all tests. 
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We also used the hybrid device as to collect energy efficiently using commercial 

piezoelectric energy harvesting power supplies unit (Linear Technology's LTC3588-

1LTC) and the output voltage of the output capacitor reaches to 3.3V in 65s, as shown 

in Figure 4.9 (a), which clearly exhibits the potential of the hybrid device to run a 

wireless MCU unit that is used to acquire, process, and transmit data [196]. The circuit 

connection used for the energy collection is shown in Figure 4.9 (b). 

Finally, to demonstrate the long-term mechanical stability and reliability of the device, 

it was tested over 200000 cycles over four consecutive weeks. The consistent output 

voltage waveforms from both the TENG and PENG parts of the hybrid device with 

no perceivable performance degradation over time as shown in Figure 4.10 clearly 

exhibits long-term stability and robustness of the device.  

4.4 Conclusion 

In summary, a novel hybrid energy harvester unit as a promising and reliable power 

source combining piezoelectric and triboelectric effects has been designed, fabricated 

and characterized, which is composed of p-n junction type ZnO nanostructures grown 

by low-temperature hydrothermal method for the piezoelectric part and 

nanostructured Al and PTFE films for the triboelectric part. In the open-circuit 

configuration, the piezoelectric and triboelectric output average peak-to-peak 

voltages are 34.8 V and 352 V with 25Hz frequency and 1G acceleration, respectively. 

Interestingly, due to mutual enhancement, peak-to-peak output open-circuit voltage 

of the PENG increases from 34.8V to 120V when TENG is shorted and peak-to-peak 

output open-circuit voltage of the TENG increases from 352V to 420V when PENG is 

shorted. To avoid the internal impedance mismatch as well as the voltage cancelation 

due to the phase difference of piezoelectric and triboelectric nanogenerator, two full-

wave bridge rectifiers have been employed that leads to an average peak output 

voltage of 186 V, current density of 100.8 mA/m2, and average peak power density of 

18.35 W/m2 from the hybrid device. While connecting with varied external resistances, 
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the hybrid device produces an output power of 0.764mW under the matched load of 

21MΩ and the device also demonstrates the energy harvesting capability by charging 

several commercial capacitors within seconds. Besides, the hybrid device can charge 

a particular capacitor faster compared to its individual components. The high output 

as well as the fast charging characteristics enable the hybrid energy harvester to be 

used as a power source to store electrical energy from mechanical vibrations in the 

surroundings, which shows great potential in the field of self-powered systems or 

sensor networks. 
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Chapter 5 

Conclusions, Contributions and Recommendations 

 

5.1 Summary and Contributions 

This thesis has been carried out with a systematic investigation of organic-/inorganic 

nanostructured materials based piezoelectric, triboelectric and hybrid energy 

harvesters, focusing on their materials synthesis and characterization using different 

hands-on processes, novel device structure design, device fabrication and 

characterization using state-of-the-art micro-/nano fabrication tools. Different aspects 

related to materials selection for piezoelectric and triboelectric energy harvesting as 

well as their structural and morphological impacts on device performance has been 

explored profoundly in the first part of this research, which not only gives a proper 

direction to improve the performance of the existing device designs but also provides 

insight on how to design novel device design with new nanomaterials. The literature 

review and theoretical background of different energy harvesting devices advance us 

to closely take into account different parameters related to materials synthesis as well 

as device design so that substantial contributions can be made towards the goal of this 

research, such as implementation of a self-powered systems, i.e., a fully wireless data 

transmission system for aircraft SHM. 

In the next part of this research, a high performance and robust PENG device has been 

demonstrated that is based on 1D/2D ZnO nanostructures. A simple, low temperature 

solution based method has been employed to grow the piezoelectric ZnO 

nanomaterials and as this hydrothermal method can be easily tweaked by many 

process parameters, for example volume and concentration of solutions, solution 

temperature, thickness and type of seed layers, types of substrate used etc., a 

systematic analysis has been done to optimize the synthesis process to get the desired 
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ZnO nanostructure. ZnO nanowires and nanoplates are grown together on the same 

substrate directly using the optimized synthesis process to fabricate a PENG device 

and subsequently the device has been tested using a special characterization system 

designed particularly for the mechanical energy harvesting devices. A routine 

analysis of the device has been performed, for example the measurements of open 

circuit voltage and short circuit current signals from the device at different frequencies 

and accelerations of the applied mechanical vibration. Besides, a comparison of the 

device with another PENG device on PET substrate that is based on ZnO nanowires 

has been presented and then load matching of the nanogenerator has been carried out 

to find out the output l load that can draw the maximum electrical power from the 

device. 

Subsequently, since hybrid energy harvesting devices have strong potential to 

support a wide range of self-powered electronics due to their higher output 

performance and better charging characteristics than its individual energy harvester 

components, a hybrid nanogenerator has been designed by integrating a PENG and a 

TENG together, where these two parts can work independently and/or 

simultaneously. To increase the effective friction between the two tribo material layers 

to consequently enhance the performance of the TENG, nanostructures have been 

grown on both PTFE and Al surface using different simple yet powerful techniques, 

i.e., e-beam evaporation, RIE etching, DI water treatment etc. This hybrid harvester 

unit shows not only the mutual enhancement of the PENG and TENG parts from each 

other by sharing an electrode between them but also an innovative way of harvesting 

mechanical energy using two components in a single press-and-release cycle that 

leads to higher energy conversion efficiency. The hybrid device exhibits its potential 

for versatile applications, for example in portable/wearable biomedical devices and 

personal electronics as it can successfully harvest energy from normal hand 

movement and human walking. In short, this device shows a systematic way of 

integrating different kind of energy harvesting mechanisms together in a compact 
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structure that can either work independently as a single unit and/or simultaneously 

in the hybrid configuration and thus improving the output performance of energy 

harvesting devices, which is critical for their practical applications for various self-

powered MNSs. 

5.2 Recommendations for Future Work 

Since their first demonstration of PENGs and TENGs, they have evolved quite 

dramatically over the last decade and integrating them together in a single device 

structure to design a hybrid energy harvester unit has also drawn broad interest with 

particular focus on their performance improvement as well as addressing key 

challenges in their development. The progress of PENGs, TENGs and hybrid NGs 

would certainly open new routes to realize a highly efficient, miniaturized, reliable, 

intelligent, extremely sensitive and multifunctional nano system and even micro-

systems. Finally, to follow this research on nanotechnology-enabled energy 

harvesting for self-powered electronics particularly for a fully wireless aircraft SHM 

system, there are two distinguished directions to work on in the future – (i) Device 

improvement, (ii) Implementation and integration of the devices in MNSs. 
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