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Abstract 
 

Piezoelectric nanostructures of ZnO were employed for development of vibration 

energy harvesters. Columnar nanorod structures of ZnO, incorporated into various 

heterojunction-based device prototypes, were strained to generate voltage signals. 

The fabricated devices’ prototypes were based on different top electrodes such as: p-

n junction-type Poly(3,4-ethylenedioxythiophene) Polystyrene sulfonate 

(PEDOT:PSS)/ZnO devices, metal-insulator-semiconductor type Poly(methyl 

methacrylate) (PMMA)/ZnO devices. Similarly, various bottom electrode materials 

based prototypes were also assembled: ZnO/indium tin oxide (ITO), ZnO/silver (Ag) 

and ZnO/zinc (Zn). The overall device design was based on flexible electrodes and 

substrates, due to which low temperature (below 100 °C) fabrication processes were 

implemented. Device performance measurement and characterisation techniques 

were explored and implemented to improve the reliability of results. These 

techniques included open-circuit voltage and short-circuit current output 

measurement, resistive load matching and impedance analysis. The analysed 

performance of energy harvester was assessed in relation to its constituent material 

properties.  

The parameters which affect the energy harvester performance were investigated and 

for this p-n junction-based (PEDOT:PSS/ZnO) devices were used. It was analysed 

that devices with optimum shunt (Rsh) and series resistance (Rs), which were in the 

ranges of 0.08 – 0.17 kΩ and 0.5 – 1.65 kΩ respectively, generated the highest peak 

open-circuit voltage (Voc) and peak power density (PL) of 90 – 225 mV and 36 –

 54 μW cm
-2

. However, the p-n junction-based devices with low shunt resistance 

(Rsh), ranged between 0.2 – 0.3 kΩ, were considered to be affected with leakage 

losses, such as short-circuits. Therefore, these devices generated lower Voc and PL in 

the range of 20 - 60 mV and 2 - 16 μW cm
-2

. Similarly, the p-n junction-based 

devices with higher Rs, ranged between 0.3 – 0.6 kΩ, were adversely affected by I
2
R 

losses and therefore their generated power density was also dropped to 0.22 -

 0.25 μW cm
-2

. In addition to parasitic resistance losses, the most significant 

phenomenon investigated in ZnO energy harvesters was, screening of polarisation 
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charges in ZnO. The polarisation screening effects were observed to be related to the 

electrical properties of device components like electrode material type and 

conductivity of ZnO. 

Hence, the effect of electrode electrical properties on electric field screening was 

investigated. In this regard, device electrodes were varied and their effect on energy 

harvesting efficiency was studied. A comparison based on the performance of 

bottom electrodes like indium tin oxide (ITO), silver (Ag) and zinc foil on device 

performance was made. It was observed that due to lower screening effects of ITO, 

the ITO-based devices generated voltage output which was two orders of magnitude 

higher than the zinc foil-based devices. 

Similarly, the screening effects of top electrode materials, like PEDOT:PSS and 

PMMA, on device output generation were investigated. The PMMA-based devices 

generated average 135 mV which was higher than average 100 mV generation of 

PEDOT:PSS-based devices; which indicated that the PMMA-based devices had 

slower screening rate. On the contrary, the PMMA-based devices’ 7 times higher 

series resistance than PEDOT:PSS-based devices caused the PL of PMMA-based 

devices to be 0.4 µW cm
-2

, which was two orders of magnitude lower than 

54 µW cm
-2

 generated by PEDOT:PSS-based devices.  

Further to electrode materials study, polarisation screening caused by electrical 

properties of ZnO was also anaylsed. In this regard, the surface-induced conductivity 

of ZnO was decreased by using surface coating of copper thiocyanate (CuSCN). The 

reduction in  ZnO conductivity was considered to reduce the screening of 

polarisation charges. Consequently, the power density of ZnO devices was enhanced 

from 54 µW cm
-2

 to 434 µW cm
-2

.  
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1. Introduction 

 

1.1. Background – Energy Harvesting 

Fossil fuels remain the world’s most dominant energy sources according to world 

energy consumption statistics reported by British Petroleum (2014) 
1
. Furthermore, 

the global energy consumption is projected to rise from 13 bn toe (tons of oil 

equivalent) in 2014 to 22 bn toe by 2050 
2
. If fossil fuel usage is pursued at the 

present rate, then it is estimated for energy prices to rise by 30-35% and carbon 

emissions to increase to 50 Gt/year 
3
 by 2050. Therefore, a widely considered issue 

is how to provide affordable, clean, efficient and sustainable energy solutions. In this 

regard, carbon-neutral, carbon capture and storage (CCS) and energy harvesting 

(renewable and sustainable resources) technologies are significant options to resolve 

energy crisis 
3
. 

 

 

Figure 1. Yearly consumption of energy sources from 1988 to 2013

 
1
.  
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Energy harvesting involves capturing energy from ambient sources which would 

otherwise be dissipated as heat. The aim of harvesting energy from alternative 

resources is to enhance energy savings on the demand side and use of carbon-neutral 

fuels. Solar, wind, hydrothermal, thermoelectric and bio-mass are sustainable energy 

resources which can be harvested through specifically designed and integrated 

systems, and mega-watt ranged power can be generated from the environment. 

However, these systems are significant for outdoor power generation. For indoor 

energy scavenging, specifically for powering milli-watt ranged portable electronics 

and sensing devices, these systems are either not compatible or not sufficiently 

efficient. For instance, an outdoor solar cell efficiently generates 15 mW cm
-3

 of 

power density but, for indoor applications its power density drops to 15-20 μW cm
-3

 

4
. Therefore, for the application of energy harvesting to portable electronics and 

sensing, at indoor as well as outdoor ambience, vibration energy harvesting is 

considered to be the most applicable alternative. Since, vibration energy harvesting 

technology suits the type and amount of available ambient energy as well as size 

limitations. 

Hence, using vibration energy harvesting, kinetic energy from wind, human motion, 

bridges, household goods, buildings, aircrafts, vehicles, engines and industrial 

machineries can be converted into electrical energy by the use of a transducer which 

may be piezoelectric, electromagnetic or electrostatic 
5,6

.  

1.2. Piezoelectric Energy Harvesting 

The most widely researched and implemented principles to convert vibration energy 

into electrical energy are electromagnetic induction, electrostatic generation and 

piezoelectricity. Piezoelectricity refers to a phenomenon according to which, when 

stress is applied on a piezoelectric material an electric field is induced in it.   

Amongst the mainly focussed vibration-to-electrical energy conversion techniques, 

piezoelectric based transduction has obtained consideration in miscellaneous 

applications. Piezoelectric materials have found a large number of applications in our 

day-to-day lives and are used in printers, fuel injectors and pumps 
7
. MEMS (Micro-

Electro-Mechanical Systems) piezoelectric systems are commercially applied as 

sensors and detectors for navigation, automotive and smartphones 
8,9

. They have 
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gained wide attention in wireless sensing and monitoring for remote operations of 

systems on which wired connections are impractical
10,11

. For energy harvesting 

applications, piezoelectric devices combine the ability of being self-powered with 

size compactness 
7
. In addition, scaling piezoelectric materials such as ZnO and 

GaAs to nanostructured level has provided a significant impact on research on self-

powered nanoscaled devices.  

The most widely researched and commercially used material for piezoelectric 

MEMS devices is lead zirconate titanate (PZT). Owing, to its attractive 

electromechanical properties such as for PZT-5H, electromechanical coupling 

coefficient (k33) is 0.75 
12

, strain coefficients d33 and d31 are 593 pC N
-1 13

 and -

274 pC N
-1 13

; PZT has attained commercial applications as actuators and sensors. 

However, the main problem associated with PZT is brittleness and it raises 

challenges related to stress-induced cracking and fracture 
14

. This limits the 

applications of PZT at kHz-ranged high frequency and cyclic loading at high 

accelerations 
15

. To meet these challenges, polymer PVDF (Polyvinylidene fluoride), 

has been researched as a flexible and easy-to-shape piezoelectric material for sensing 

applications 
16,17

. The electromechanical coupling coefficient (k33) of 0.21 
12

 for 

PVDF is the main drawback, which is why it cannot be substituted for PZT for 

energy harvesting and energy generation applications. Hence, flexibility along with 

appreciable electromechanical and strain coefficient is the main concern in 

piezoelectric systems which demands new materials exploration.  

ZnO has been researched for photosensors, solar cells and LEDs. For piezoelectric 

applications, ZnO gained wide attention because of its readiness to form wide variety 

of nanostructures at low temperature (below 100 °C). Therefore, ZnO nanostructures 

combine the idea of vibration energy harvesting with size miniaturisation. Moreover, 

ZnO has appreciable mechanical stability and electromechanical properties. The 

electromechanical k33 and k31 coefficients of ZnO have been reported as 0.47 and 

0.18 
18

 while the strain coefficients d33 and d31 are 12 pC/N and 5 pC/N 
19

. Moreover, 

the Young’s Modulus of ZnO (bulk) has been measured to be 140 GPa 
20

. The 

nanostructured-ZnO can be incorporated into devices which have proposed 

applications as self-powered wireless sensors and vibration energy harvesters (often 

termed as nanogenerators). From 2006-2012, ZnO-based piezoelectric energy 

harvesters have been researched extensively. Pillar-like columnar structures of ZnO, 

http://en.wikipedia.org/wiki/Polyvinylidene_fluoride
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termed as nanorods, have been embedded into flexible and rigid devices and 

demonstrated to generate piezoelectric response to sound vibration and human 

motion such as tapping, rubbing and stepping. Moreover, energy harvesting circuits 

were used to power LED 
21

, wrist-watch 
22

 and wireless transmitter 
23

 which showed 

the compatibility of these systems with energy available in the ambience. However, a 

rigorous system for device measurement and characterisation was required to 

establish the fundamental understanding on device electrical characteristics such as, 

electrical losses.  

Device flexibility has been regarded as a feasible solution for vibration to energy 

conversion, since the higher the mechanical flexibility the more is the electrical 

sensitivity. In this regard, reported fabrication processes have been focussed on low 

temperature (below 100 °C) criteria; such as aqueous solution growth of ZnO, spin 

coating, RF magnetron sputtering and photo resist etching. In addition to low 

temperature fabrication techniques, research on ZnO-based piezoelectric energy 

harvesters has been focussed on material optimisation and device improvement. In 

this regard, electrical properties of ZnO have been optimised using doping 

techniques and surface modification and thereby, the performance of energy 

harvesters has been improved.  

To sum up, the research on nanostructructured-ZnO energy harvesters have been 

based on fabrication techniques, materials processing and performance optimisation. 

In such literature, there was not enough evidence on how the underlying 

piezoelectric mechanism was affected when devices’ electrical properties and 

constituent materials were varied. One of the main reasons behind this lack of 

evidence and understanding was limited device characterisation. The ZnO energy 

harvesters were only measured for their current-voltage characterisation, open-circuit 

voltage output and short-circuit current density. These parameters were not enough 

to elaborate the electrical characteristics of an energy harvester. To elaborate this gap 

in research, let us take the example of PZT-based and PVDF-based energy 

harvesters. Most of the research in PZT-based and PVDF-based piezoelectric energy 

harvesters had focussed impedance load matching and resonance frequency 

matching characterisation for understanding the effects of electrical and mechanical 

properties on device’s output power generation. Further to this, impedance analysis 

was used to study the device internal impedance and its effects on device output 
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performance. On the contrary, in the case of ZnO-devices the measurement of open-

circuit voltage and short-circuit current alone were not enough to calculate device 

power generation, to understand its impedance-related losses and screening effects. 

Hence, this report presents ZnO energy harvesters fabricated and optimised using 

low temperature (below 100 °C) processes. It analyses the stress-induced voltage 

generation from devices and investigates its dependence on polarisation screening 

caused by electrode interfaces and ZnO surface properties. Similarly, this thesis 

analyses the dependence of power generation of devices on their electrical losses. 

The overall investigation and analysis was established through implementation of 

detailed measurement and characterisation techniques such as, voltage and current 

output, impedance matching for power density calculation and impedance analysis. 

1.3. Aims and Objectives 

The aim of this study was to develop a nanostructured material based energy 

harvester with optimised output power generation and to develop a repeatable and 

reliable method of its measurement and characterisation. 

The initial motivation of the project was to fabricate a basic energy harvesting device 

structure using synthesised piezoelectric nanorods of ZnO. Through successful 

fabrication, the target was to develop measurement and characterisation techniques 

on these devices, which would assist in understanding the device transduction 

mechanism and electrical losses.  

After achieving the understanding on device mechanism and losses, the next set aim 

was to demonstrate proof-of-concept for the internal and external screening losses in 

piezoelectric polarisation in ZnO. Approaches were undertaken to reduce the 

screening effect, which resultantly enhanced the power generation from the energy 

harvesters. 

To achieve the above-mentioned aims the following objectives were outlined: 

1. Fabricate a basic device architecture comprising of a p-n junction diode 

based device. These device types were planned to be used for establishing 

characterisation techniques such as current-voltage characterisation, 

impedance analysis and resistive load matching for power density calculation 
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across optimum load. It was considered to establish device parasitic losses 

analysis, such as series and shunt resistance, through the mentioned 

characterisation techniques. 

2. Implement the quantitative analysis and characterisation techniques learnt 

through the basic p-n junction device on various other prototypes. The 

planned prototypes involved ZnO nanorods sandwiched between various 

electrode types. Actually, the objective of this design approach was to study 

the screening effects of electrode types on device performance. Therefore, 

different electrode material types such as metal, metal-oxide, insulators and 

semiconductors were planned to be studied. 

3. Investigate the internal screening of polarisation charges in ZnO. This study 

was planned to be approached by reducing the surface-induced free-charge 

carriers in ZnO and examining its impact on the induced-electric field. 
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2. Literature Review 

2.1. Dielectric Materials 

An ideal dielectric material is defined as a non-conductor of electricity which 

possesses permittivity to intensify electrostatic and magnetic fields 
1–3

. Dielectric 

materials are classified as polar and non-polar materials. The polar materials have 

centres of positive and negative charge pairs separated by a distance which creates a 

dipole moment. These dipoles are randomly oriented in a crystal, which is why the 

net dipole moment is zero. The non-polar dielectrics do not possess any charge pair 

separation and therefore there is no dipole moment between them 
1
.  

 

Figure 2. The relationship of ferroelectric, pyroelectric and piezoelectric materials relative to 21 

non-centrosymmetric functional materials (excluding 432 point groups). 

 

Out of 32 crystal classes, 11 possess a centre of symmetry and are non-polar. The 

remaining 21 classes do not possess centre of symmetry (centre of inversion) 
4
, 20 of 

which exhibit direct piezoelectricity. 10 of these are polar and possess electric dipole 

moment in the absence of electric field (spontaneous polarisation). If the 

spontaneous polarisation changes with the temperature then these crystals are said to 

be pyroelectric, however in some crystals this spontaneous polarisation can be 

permanently switched or reversed upon application of electric field. These materials 

are said to be ferroelectric 
5,6

. The non-centrosymmetric class which does not exhibit 

piezoelectricity is point group 432. 

Piezoelectrics Pyroelectrics Ferroelectrics
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The spontaneous polarization Ps arises due to surface charge density in non-

centrosymmetric pyroelectric and ferroelectric crystals 
7
: 

𝑃𝑆 =  
𝑄𝑆

𝐴
 

Where 
𝑄𝑆

𝐴
 is the density of surface charges 

7
. 

 

2.2. Non-Centrosymmetric Functional Materials 

2.2.1. Ferroelectric Materials 

Ferroelectric materials exhibit spontaneous polarization which can be re-oriented 

between two crystallographically equivalent configurations by an external field. 

Hence, it is not only spontaneous polarisation but also the re-orientability of 

polarization which describes a ferroelectric material 
7
.  

 

 

Figure 3. DC electric field poling of ferroelectric material 
8
. 

Ferroelectric domain is described as a microscopic region in which all electric 

dipoles are arranged in same direction because of interaction of internal electric 
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fields. For a ferroelectric material, these domains are in large quantity and they have 

oriented in a specific direction. This random orientation of domains causes the net 

polarisation to be zero in the absence of an external electric field. When an external 

field is applied to the ferroelectric material then these domains align according to the 

direction of the electric field 
9
. 

The application of electric field on the ferroelectric material and the consequent 

change in domain orientation is described in Figure 4. Initially in the absence of 

external electric field, the net polarisation is zero (point A). As the applied field is 

increased, the domains get oriented in the direction of the applied field, and 

resultantly the polarisation increases linearly as indicated by the curve AB. When the 

field is further increased, the number of aligned domains increases and the 

polarisation increases non-linearly and attains a point C at which maximum domains 

are aligned according to the direction of applied field. This point C is the saturation 

point, which if extrapolated then the corresponding value on the y-axis is called 

spontaneous polarisation (PS).  If at the saturation limit, the applied field is removed 

them it leaves a remnant polarisation (PR), which is slightly less than the PS. To 

reduce PR, it is required to reduce the electric field in negative direction. The applied 

field which reduces developed remnant polarisation to zero is called coercive field (-

EC). A further reduction in electric field will cause reverse spontaneous polarisation 

(-PS) to develop. When the field is then removed then it will leave behind negative 

remnant polarisation (-PR). The electric field is required to increase in positive 

direction and when it is equal to coercive field, the negative remnant polarisation (-

PR) becomes zero. Further increase in electric field will trace the path ECC and close 

the loop. This closed loop is referred to as hysteresis loop 
9,10

.   

The domains of ferroelectric materials are aligned in one direction upon application 

of a strong electric field across the material and this process is called poling. As a 

result of poling, the ferroelectric material exhibits piezoelectricity. Since in 

ferroelectric materials the spontaneous polarisation is reversible, the direction of 

domains can be reversed by the application of a reversed electric field. 
8
.  
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Figure 4. P-E loop of ferroelectric material showing spontaneous polarisation as PS and EC 

coercive electric field 
11

. 

 

2.2.2. Pyroelectric Materials 

If a pyroelectric material is held at a constant temperature for a period of time, it 

becomes electrically neutral due to the flow of free carrier charges through the 

material. If the temperature of material is changed, the electrical polarisation changes 

and a voltage is developed 
12-14

.  

 

Figure 5. Crystal lattice of a pyroelectric material having permanent dipole moment δ. The 

dipole changes when an external temperature change is applied.  

Pyroelectric materials exhibit spontaneous polarization which unlike ferroelectric 

materials is not re-orientable by the application of electric field. At a constant 

temperature, this polarization is compensated by the free-charge carriers. However, 
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if the temperature of the material is varied ΔT at a rate faster than the redistribution 

of free-carriers then an electric signal ∆𝑃 is obtained 
7,15,16

.  

∆𝑃 =  𝑝𝑝𝑦  ∙  ∆𝑇 

Where 𝑝𝑝𝑦 describes pyroelectric coefficient 
7
. The unit of  𝑝𝑝𝑦 is charge per unit 

area per unit temperature change or coulomb/m
2
K 

14
.  

 

All pyroelectric materials are also piezoelectric but all piezoelectric materials are not 

pyroelectric. For example, GaAs (Gallium Arsenide) and Quartz are both 

piezoelectric but not pyroelectric. Pyroelectric effect is exhibited by solids which 

have a certain crystallographic orientation 
17

:  

(a) The crystal lattice should be non-centrosymmetric. 

(b) The crystal must have no more than one axis of rotation 
17

.  

 

2.2.3. Piezoelectricity 

When stress is applied on a certain materials, an electric polarisation is produced 

proportional to the stress applied. This phenomenon is called piezoelectricity and it 

is exhibited by piezoelectric materials.  

The mechanism producing piezoelectric effect is based on dislocation of the centres 

of gravity of positive and negative charges. This displacement of ions cause a dipole 

moment and the material is polarised. The polarisation change corresponds to charge 

build-up that can be measured as generated voltage across the terminals. 

All polar crystals exhibit direct and converse piezoelectricity. Direct piezoelectricity 

means that a mechanical strain induces polarisation due to displacement of charge 

centres of the anions and cations. On the contrary, converse piezoelectric effect 

produces strain in piezoelectric material when an electric field is applied across it 
7
. 

Hence the electric polarisation P is related to applied mechanical stress T (=  
𝐹

𝐴
) by a 

piezoelectric coefficient d or d
t
, mechanical strain S and applied electric field E 

18
. 

The relation for direct piezoelectric effect is demonstrated as follows 
7,18

: 
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𝐏 = 𝐝 ∙ 𝐓 

The relation for converse piezoelectric effect is illustrates as follows 
7,18

: 

𝐒 =  𝐝𝐭 ∙ 𝐄 

 

 

Figure 6. Piezoelectric effect: dislocation of centres of gravity of positive and negative charges 

upon application of mechanical stress. 
19

 

 

 “t” denotes the transposed matrix. The subscripts T indicate that stress is constant; 

subscript E indicates that electric field is constant.  

 

2.2.3.1. Constitutive Equations of Piezoelectric Materials 

The constitutive equations of piezoelectric materials define the relationship between 

applied stress and induced electric field in the material and vice versa.  

In an unstressed dielectric material, the dielectric displacement D is the charge per 

unit area, and it is related to electric field as 
7,18,20–22

: 

𝐃 = 𝛆 𝐄    Equation 1 

Where, ε is the permittivity of dielectric medium. 

Similarly, if a dielectric material is placed in a zero electric field then the applied 

stress and strain on it can be related as 
7,18,20–22

: 
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𝐒 = 𝐬𝐓     Equation 2 

Where, s is the mechanical compliance. 

According to principle of conservation of energy, the two electrical and mechanical 

constitutive equations (Equation 1 and 2) are coupled and written as 
7,18,20–22

: 

𝐒 = 𝐬𝐄𝐓 +  𝐝𝐭𝐄 

𝐃 = 𝐝𝐓 +  𝛆𝐓𝐄 

sE is the mechanical compliance measured at zero electric field, d
t
 and d are the 

piezoelectric coupling between electrical and mechanical variable and εT is the 

dielectric constant measured at zero mechanical stress 
7,18,20–22

.  
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2.3. Functional Materials Used In Piezoelectric Devices 

2.3.1. Zinc Oxide 

Zinc oxide is pyroelectric material with wurtzite crystal structure. Having a 

hexagonal lattice structure, ZnO is asymmetrical and belongs to P63mc space group. 

The absence of centre of inversion in ZnO structure can be observed from the 

alternating planes of Zn
+2

 and O
-2

 ions in tetrahedron coordination along the c-axis 

23
. Along the c-axis, the lattice of ZnO has distinct atom termination at the 

alternating surfaces; the [0001] surface is terminated by Zn atoms and [0001̅] surface 

is terminated by O atoms 
24

. Therefore, due to distinct polar surfaces on both ends, 

ZnO has dipole moment along the c-axis and the 0001 surface has the highest energy 

and fastest growth when compared to other fast growth non-polar surfaces [21̅1̅0] 

and [011̅0] 
23

. Therefore, being [0001] as the fastest growth axis, ZnO usually 

exhibits columnar/pillar like nanostructure growth called nanowire and nanorods 
25

.  

Nanostructures of ZnO have attained wide attention due to material’s functional 

properties, such as wide band gap (3.37 eV), pyroelectric and piezoelectric nature. 

Therefore, as a semiconducting wide band gap material, it has been employed in 

solar cells, photodiodes and photodetectors. The piezoelectric nature of ZnO has 

proposed applications in self-powered vibration sensors and vibration energy 

harvesters. Additionally, ZnO possesses attractive piezoelectric properties. The d33, 

c33 and ε33/ε0 for bulk material were measured as 10-12 pC/N, 200-300 GPa and 9-

11. The electromechanical coupling coefficient of ZnO is 0.23 
26

.  
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Figure 7.  Crystal structure of ZnO: Coordination of Zn
+2

 (black) and O
-2

 (white) ions along (a) 

0001 direction and  (b) 𝟎𝟎𝟎�̅� direction 
24

, (c) tetrahedron coordination of Zn
+2

and O
-2

 ions 
27

. 

 

Several experimental and theoretical approaches have been applied to study the 

Young’s modulus of ZnO and reports have identified the existence of nanorod size 

dependence on their Young’s Modulus. Reportedly, the Young’s Modulus increases 

as the diameter decreases 
28,29

. It was reported that the Young’s Modulus of ZnO 

nanorods of 80 nm diameter, under different loading modes (tension and buckling), 

was close to its bulk modulus of 140 GPa 
30

.  

In addition to electromechanical properties, the surface properties of ZnO have been 

studied extensively for their defects and surface states. The surface properties of 

ZnO are vital topic for research because they affect its conductivity and interface 

with other materials. Hence, unintentional doping from surface states causes ZnO to 

be an n-type semiconductor. The most commonly reported native defects are oxygen 

vacancies, oxygen interstitials, zinc vacancies and zinc interstitials 
31–36

. These 

surface species interact with abundant gases in the environment such as oxygen, 

CO2, hydrogen and moisture and form impurities on its surface. One of the donor-

type impurity highlighted in research work is hydroxyl radicals 
33,37

. Moreover, it is 

highly debatable whether Zn interstitial or oxygen vacancies act as donor defects on 

ZnO surface 
38

. To sum up, the surface properties of ZnO tune its electrical 

properties and therefore they play a major role in affecting the performance of ZnO-

based electronic devices. In addition, they are reported to change the interfacial 

properties of ZnO by allowing charges to be trapped at junctions 
39

. 

2.3.2. Lead Zirconate Titanate (PZT) 

Lead zirconate titanate Pb(Zr.Ti)O3 is a ferroelectric polycrystal which is poled with 

high DC electric field and the domains align to create a net piezoelectric effect. PZT 

has a perovskite structure, which is defined as a structure with non-centrosymmetry 

in microscale and anisotropy in macroscale 
40

. The unit cell of PZT is shown in 

Figure 8, the Pb form its corners, O atoms arranged as face centred, and Ti and Zr 

atoms are body centred. The Curie temperature of PZT is 350 °C at which it forms 

paraelectric cubic structure 
9
. PZT has relative permittivity (constant strain) 𝜀33

𝑠  of 

1300 – 3400 
41

, d33 coefficient of 289 – 593 pm/V 
41

 and k33 coefficient of 0.68 – 
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0.78 
41

. Due to these excellent piezoelectric properties, it is commercially available 

in sensors, actuators and resonators.  

 

 

Figure 8. Crystal structure of perovskite PZT having Pb in the corners, O atoms as face centred 

and Zr/Ti as body centred 
9
. 

 

2.3.3. Quartz 

Qaurtz (SiO2) is a piezoelectric material with a crystal structure comprising of one 

Si
+4

 ion in the centre of four tetrahedrally oriented oxygen ions O
-2

 (Figure 9) 
42

. 

Quartz has been a favoured material in various piezoelectric applications because of 

its underlying properties. Quartz crystal has aging stability and durability as 

compared to other piezoelectric materials. It is monocrystal therefore unlike PZT it 

does not require unidirectional polarization. Its mechanical quality factor Qm lies in 

the range of 10
4
 - 10

6
 due to which it has considerable sensitivity and has been 

frequently used in sensing applications. In addition, it has also been used in 

resonators. Quartz lacks electromechanical applications because its longitudinal k33 

and transverse k31 electromechanical coupling coefficients are 0.15 and 0.1 
43

, which 

are not sufficient for energy harvesting and actuation applications. 

 

Pb+2

O-2

Zr+4/Ti+4

http://books.google.co.uk/books?id=ArhOoKshAwQC&pg=PA709&dq=PZT+crystal+structure+perovskite+piezoelectric&hl=en&sa=X&ei=0ZjOU4CUBrDG7AbivYHICA&ved=0CEAQ6AEwBA#v=onepage&q=PZT%20crystal%20structure%20perovskite%20piezoelectric&f=false
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Figure 9. Crystal structrure of Quartz showing tetrahedron coordination of O
-2

 
42
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2.4. Piezoelectric Energy Harvesting  

2.4.1. Concepts in Energy Harvester’s Performance 

Characterisation 

2.4.1.1. Open-Circuit Voltage (VOC) 

Direct piezoelectric effect refers to the situation when a piezoelectric material is 

subjected to mechanical force, which results in a change in polarisation. This change 

in polarisation corresponds to charge build-up that can be measured as generated 

voltage. Open-circuit voltage is the term commonly used to describe generated 

voltage from a device when a load is not connected across its terminals. During 

open-circuit voltage measurement, the current passing through the device circuitry is 

minimum (ideally zero current) 
44

. 

 

Figure 10. Open-circuit voltage output measurement condition, when no load is connected 

across the device and the output is measured across infinite (ideally) resistance. 

 

2.4.1.2. Short-Circuit Current (JSC) 

Schmidt et al. (2014) 
45

 explained that the strain-induced charge displacement in 

piezoelectric material causes voltage output generation. Moreover, the current output 

from the piezoelectric material or device depends on the conductivity of material. 

Therefore, the current flows due to free-charge carriers present in the piezoelectric 

material. The flow of current is measured across the device terminals. The condition 

at which the current is measured across minimum impedance (ideally zero 

impedance) is called short-circuit current. At short-circuited condition a load is not 

Open-Circuit Voltage

V
o

u
t
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connected across device terminals and the terminals are effectively connected across 

a short-circuit 
44

. 

 

Figure 11. Short-circuit current output measurement condition, when no load is connected 

across the device and the output is measured across zero (ideally) resistance. 

 

 

2.4.1.3. Impedance Load Matching and Maximum Power Output  

In most of the reported energy harvesting applications the maximum power is 

obtained using load matching between the source and the load. In photovoltaic 

applications the DC source is matched with resistive load to obtain the optimal load 

at which the maximum deliverable power is obtained. Similarly, for highly 

capacitive sources like piezoelectric generators, the impedance is usually matched 

using reactive and resistive loads 
46

. The concept of impedance load matching is 

based on the maximum power transfer theorem, which states that 
47

: 

“In an active network, maximum power transfer to the load takes place when the 

load impedance is the complex conjugate of an equivalent impedance of the network 

as viewed from the terminals of the load.”  

Short-circuit Current

Iout
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Figure 12. (a) General circuit diagram showing voltage source E1, impedances Z1, Z2 and load 

impedance ZL (b) Thevenin equivalent of the circuit after removal of voltage source and load 

impedance 
47

. 

 

In Figure 12(a), if the voltage source E1 and load ZL is removed then the equivalent 

impedance of the network is represented in Figure 12 (b), and the equivalent 

impedance is given as 
47

: 

𝑍𝑒𝑞 = 𝑅 + 𝑗𝑋 

According to the theorem, the maximum power can be transferred if the ZL is the 

complex conjugate of Zeq 
47

:  

𝑍𝐿 =  𝑍𝑒𝑞
∗ = 𝑅 − 𝑗𝑋 

For piezoelectric generators, the mechanical resonance frequency is the characteristic 

frequency at which the optimum power is harvested. However, in a condition when 

excitation vibrational frequencies are different from the resonance frequency then the 

generator would not generate optimum power output. In this situation, the power 

generation is optimized using the impedance load matching technique 
46

.  For this, 

the impedance of piezoelectric generator is matched with a load circuit so that 

maximum power is transferred to the load. This impedance matching can be 

achieved by using energy harvesting circuits such as, DC-DC buck converters.  

A simple demonstration of impedance load matching using maximum power transfer 

theorem is illustrated in Figure 13. Figure 13 basically illustrates the particular case 

of optimised power delivered by semiconducting piezoelectric material-based energy 

harvester of 1.5 kΩ resistive internal impedance. Across this energy harvester, load 

resistances were connected from 100 Ω to 1 MΩ. The power delivered across each 

resistor was calculated and plotted. It was observed that the maximum power transfer 
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from this device was observed to occur across a load of 1.5 kΩ. This load resistance 

of 1.5 kΩ matched with the resistive internal impedance of the energy harvester. 

Hence, in the illustrated way, the energy harvester was optimised to generate its 

maximum power across 1.5 kΩ. 

 

Figure 13. Resistive load matching across a piezoelectric energy harvester showing maximum 

power transfer to occur across load resistance of 1.5 kΩ. 

 

For the case of an insulating material (PZT) based piezoelectric energy harvesters 

operating at resonance frequency, it has been demonstrated by Harris (2014)
48

 that 

ωRLCP equals to unity; which enabled determination of RL using RL = (ωCp)
-1

. 

Where, ω is the resonant frequency subjected to the piezoelectric device. 

 

2.4.1.4. Impedance Analysis 

Impedance analysis is an important tool of dielectric spectroscopy which has been 

used to analyse the response of impedance components in an electric circuit. 

Impedance analysis provides information on the ability of an electrical circuit to 

resist the flow of electric current, which is indicated as the real resistive impedance 

and the ability of an electric circuit to store electrical energy which is represented as 

the imaginary reactive impedance 
49

. Therefore, impedance is represented by a 

complex number which is a vector sum of real impedance R and imaginary 

impedance X, as follows 
50

: 

𝑍∗ = 𝑅 + 𝑗𝑋 
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The impedance is measured by the application of a sinusoidal voltage signal of 

amplitude VA and frequency f (usually expressed in Hertz (Hz)). The voltage signal 

V(t) is expressed as 
49

: 

𝑉(𝑡) =  𝑉𝐴 sin(2𝜋𝑓𝑡) =  𝑉𝐴 sin(𝜔𝑡) 

In response to a sinusoidal input voltage, the current is phase shifted which is 

determined by the ratio between the capacitive and resistive components in the 

circuit. The output current I(t) with amplitude IA and phase Φ is defined as 
49

:  

𝐼(𝑡) =  𝐼𝐴 sin(𝜔𝑡 +  𝜑) 

The impedance being the ratio between input voltage V(t) and output current I(t) 

according to Ohm’s Law can be expressed as 
49

: 

𝑍∗ =
𝑉(𝑡)

𝐼(𝑡)
=  

𝑉𝐴 sin(𝜔𝑡)

𝐼𝐴 sin(𝜔𝑡 +  𝜑)
=

𝑉𝐴𝑒𝑗𝜔𝑡

𝐼𝐴𝑒𝑗𝜔𝑡−𝑗𝜑
  

𝑂𝑟, 𝑍∗ =
𝑉(𝑡)

𝐼(𝑡)
 = 𝑍𝐴

sin(𝜔𝑡)

sin(𝜔𝑡 +  𝜑)
 

Therefore as per the definition, impedance is the vector sum of “real” or “in-phase” 

part ZREAL and “imaginary” or “out-of-phase” part ZIMG 
49

: 

𝑍∗ = 𝑍𝐴𝑒𝑗𝜑 =  𝑍𝐴  (cos 𝜑  + 𝑗 sin 𝜑) =  𝑍𝑅𝐸𝐴𝐿 + 𝑗𝑍𝐼𝑀𝐺  

The phase shift is defined by the ratio of imaginary and real impedance components 

49
: 

tan 𝜑 =  
𝑍𝐼𝑀𝐺

𝑍𝑅𝐸𝐴𝐿
 𝑜𝑟 𝜑 =  tan−1 (

𝑍𝐼𝑀𝐺

𝑍𝑅𝐸𝐴𝐿
) 

The impedance response to the frequency variation is often represented as Nyquist 

plots. Through this technique the relationship between frequency-dependent reactive 

impedance is plotted against the frequency-independent resistive impedance. The 

shape of the response determines the possible conduction mechanism in the circuit. 

Figure 14 shows the semicircular Nyquist shape response for a perfect RC parallel 

circuit. In real-circuits this response is often different; for instance, a depressed 

semicircle which corresponds to more than one charge-transfer process 
49

. Two or 
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three semi-circles are often observed in heterojunction devices where multiple layers 

of materials have their respective capacitive contribution 
49

.  

 

Figure 14. Nyquist plot of perfect parallel RC circuit 
49

. 

 

The Nyquist representation in Figure 14 demonstrates the response of current 

passing through an ideal RC circuit; the reactive impedance is dependent on the 

inverse of applied AC signal frequency ω, and the resistive impedance is frequency-

independent. At very low frequency (f  0), the impedance is completely resistive 

whereas at very high frequency (f  ∞), the impedance is completely capacitive. 

The phase angle Φ approaches -90° at high frequencies and 0° at low frequencies. At 

a phase angle of −45°, the ZIMG = ZREAL and this point is known as the “critical 

frequency” fc. The critical frequency fc is associated with the circuit parameter called 

“time constant”𝜏 =  
1

𝑓𝑐
= 2𝜋𝑅𝐶. The time constant relates to the time required to 

charge or discharge the capacitor, this value can be changed by adjusting the values 

of R and C in a circuit. In real systems the Nyquist plots demonstrate either multiple 

loops or depressed semicircular shapes, there are more than one time constant 

associated with the charge transfer process 
49

. 
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2.5. Concepts In Semiconductor Piezoelectric Material-Based 

Energy Harvesters 

2.5.1. Semiconductor Junctions 

2.5.1.1. Schottky Contact in n-type Semiconductor 

 

Figure 15. Schottky contact and band bending between metal and semiconductor 
51

. ΦM and ΦS 

represents the work function of metal and semiconductor, Øs is the schottky barrier. 

Figure 15 shows a contact of n-type semiconductor with a metal. If the work 

function ΦM of electrons in the metal is greater than the semiconductor electron 

affinity χ0 then the electrons transfer from the semiconductor to the metal, forming a 

depletion region called Schottky barrier ΦS. The Fermi levels are aligned as the 

electron energy is lowered in semiconductor 
51–53

. The Schottky barrier provides 

rectifying properties to metal-semiconductor junction, and its height is defined as 
51

:  

ΦS =  ΦM −  χ0 

2.5.1.2. Ohmic Contact in n-type Semiconductor 

Figure 16 shows an n-type semiconductor in contact with a metal of lower work 

function ΦM than the electron affinity of the semiconductor χ0. In this case, the 

electrons from the metal lower their energy by moving in the semiconductor 

conduction band. Upon obtaining the electrons from the metal, the Fermi levels align 
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and an accumulation region of low resistance is formed between the metal and 

semiconductor 
51–53

. 

 

 
 

Figure 16. Ohmic contact and band bending between metal and semiconductor 
51

. 

 

 

2.5.1.3. Electric Field Screening 

Semiconducting materials contain free-charge carriers associated with unintentional 

doping by impurities and surface defects. Due to strain-induced piezoelectric 

polarisation, the charge carriers are free to flow through the material under the 

induced electric field. The polarisation-induced electric field (Edep) is believed to be 

suppressed by the screening field (Escr) of the free-charge carriers, causing an effect 

called internal screening 
54–57

. In addition, an application of external electric field to 

the piezoelectric material through the use of Schottky, ohmic or p-n junction contact 

allows free-charges to be transferred from the contact to the material. These carriers 

induced by external contacts suppress the polarisation field and this effect is called 

external screening 
54–57

. 
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Figure 17. Model of internal and external screening effect in a semiconducting material 
54

. 

 

2.6. Piezoelectric Energy Harvesting Devices 

2.6.1. Bulk and Thin Film PZT Based Energy Harvesters 

Lead zirconate titanate Pb(Zr.Ti)O3 is widely employed in sensors, actuators and 

resonators due to its attractive piezoelectric properties such as electromechanical 

coupling coefficient k33 > 0.7 and piezoelectric coefficient d33 > 350 pm/V 
58

. 

Amongst many applications, thin films and bulk structures of PZT have been widely 

used in microelectromechanical systems (MEMS) for sensing in automobiles and 

actuation in fuel injectors and printheads. In addition, they are gaining wide interests 

for energy harvesting applications. This section provides an overview on the 

development of PZT energy harvesters and the purpose of this discussion is to 

analyse the device measurement and characterisation techniques reported by the 

authors. For PZT devices, the impedance analysis was reported in many research 

literatures 
59–65

. By analysing impedance results, the critical electrical frequency at 

resonance was matched with critical mechanical frequency at resonance under 

dynamic strain. These results were the key to characterise and verify electrical-

mechanical transduction in PZT devices. In addition, impedance load matching was 

performed which provided measure of device’s maximum power generation across 

an optimum load. Therefore, the frequency matching and impedance matching 

results confirmed that these characterisation techniques were useful to determine 
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reliability of device output. Hence, this verified that the observed output signals were 

piezoelectric and not electrostatic artefact.  

 

Figure 18 Various configurations of PZT energy harvesters (a)cantilever structure 
66

 (b)cymbal-

type structure 
61

 (c)stack-type structure 
67

. 

 

PZT MEMS energy harvesters have been frequently configured into cantilevers, 

cymbal-type and stack-type structures. A cantilever beam generally composed of one 

or two piezoelectric films, known as unimorph and biomorph respectively, are the 

simplest structures used for piezoelectric energy harvesting. These devices generate 

alternating voltage output when subjected to dynamic stress loading using a 

vibrational host for e.g. electrodynamical shaker. They can be designed for d33 and 

d31 modes, however mostly d31 mode is implemented because higher strain is 

induced in the device when it is bent in lateral mode 
68

.  

Shen et al. (2008) fabricated a MEMS cantilever device using 1 μm thick PZT thin 

film in a multilayer structure of Pt/PZT/Pt/Ti/SiO2. This device was designed for 

optimum operation at low frequency (hundreds of Hertz) and high amplitude (>1 g) 

vibrations. The impedance analysis was performed and the electrical resonant 

frequency of the PZT device was measured to be 462.5 Hz. Figure 19 shows the 

peak voltage output and average power density plotted against a sweep of resistive 

load, when the device was subjected to vibrations at variable frequency, acceleration 

and amplitude using electromagnetic shaker controlled by external function 

generator 
60

. The maximum average power delivered was 3272 μW cm
-3

 across a 

6 kΩ optimum load at 2g. The optimum load resistance increased with the increase 

in acceleration because the mechanical stress on device increased which increased 

the device mechanical damping; consequently the electrical damping required for 

mechanical compensation also increased. The voltage and power density output were 

Piezoelectric layer
Proof Mass

Metal End-Cap

Piezoelectric Material

(a) (b) (c)

Piezoelectric 
Ceramic
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also analysed as a function of excitation frequency (Figure 8(c-d)). The devices were 

observed to attain mechanical resonance at the frequency range of 461 – 461.5 Hz, 

which matched with the electrical resonant frequency observed using impedance 

analysis 
59

. This research work carried important device measurement and 

characterisation techniques. The electrical and mechanical resonant frequencies were 

shown to compensate each other with the use of resistive load matching, which 

confirmed that the device was generating piezoelectric output which was not 

interfered by the measurement artefacts. Moreover, the device performance was 

evaluated at varied accelerations, which indicated the significance of self-powered 

systems as accelerometers.  

 

 

Figure 19. (a) Peak open-circuit voltage output across load resistance, (b) average power output 

across load resistances showing optimum load of 6 kΩ, (c) peak open-circuit voltage output at 

varying vibration frequency, (d) average power density at varying vibration frequency 
59

. 

Cantilever piezoelectric MEMS structures are simple in geometry and fabrication but 

their scaling poses design limitations, e.g., in case of anisomeric scaling, if the length 

of a beam is shortened by a factor S then the stiffness and resonant frequency of the 

 

 

(a) (b) 

(c) (d) 
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beam increases by S
3
 and S

2
 respectively. This reduces the deflection of cantilever 

beam, and when strained it allows shear deformation to the device which is complex 

to be modelled 
71

. Secondly for thin films, the higher d31 coefficients of ~120 pC/N 

were found for PZT with thickness around 200 nm. For this range of PZT thickness, 

the cantilever beam can only be minimized to a limit of 2 μm thickness 
71

.  

Moreover, for maximum power conversion efficiency the cantilever resonant 

frequency is matched with the ambient vibrations frequency. If the beam departs 

from the resonant frequency then there is a considerable drop in piezoelectric power 

generation. In order to address this issue, a few designs for wide bandwidth 

frequency range were suggested: tapered cantilever beam with PZT blocks attached 

on maximum stress locations (Figure 20(a)), multiple cantilever with varying size 

and tip mass connected in series (Figure 20(b)), multiple beams of PZT with varying 

dimensions connected in parallel (Figure 20(c)) 
63

.  In the proposed designs shown in 

Figure Figure 20(a), more than one piezoelectric material blocks were arranged at 

various locations on the tapered cantilever. This was considered to cause each PZT 

block to be tuned at a different resonant frequency. Hence, this type of system was 

assumed to be capable of scavenging optimum power at multiple input frequencies. 

Similarly in Figure 20 (b) and (c), multiple beams were arranged in a specific 

manner and size, so that each of the beam could be tuned to a different resonant 

frequency. Hence, these systems were proposed to increase the frequency bandwidth 

of piezoelectric transducers. 

 

 

Figure 20. Proposed models for broadband tuning of PZT MEMS cantilever devices 
63

. 

 

Cymbal-type MEMS consist of a piezoelectric material sandwiched between two 

electrodes and they produce considerable strain when subjected to transverse force 

62
. Kim et al. (2005) demonstrated fabrication and performance measurement of a 
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cymbal-type MEMS energy harvester (Figure 22(b)). The device was mechanically 

excited by a force of 7.8 N at 100 Hz using an amplitude vibrator. The device 

generated maximum power of 39 mW and its load was matched at 400 kΩ after the 

rectification circuit 
72

. The research on cymbal device became more interesting when 

its impedance was matched with energy harvesting circuit called DC-DC buck 

converter. In this way, the concept of maximum power transfer was applied to 

demonstrate efficient power transfer from the capacitive piezoelectric power source 

to a complex load. To elaborate, a DC-DC buck converter circuit was used and its 

impedance was matched with the impedance of the piezoelectric device. The output 

of this DC-DC buck converter was used to charge a battery which had an internal 

impedance of few hundred ohms. For efficient energy harvesting load was matched 

with the internal resistive and reactive impedance of the energy harvester. In case of 

buck converter, the inductor L (Figure 21) was tuned to match the reactive 

impedance of the piezoelectric source. Figure 22(a) shows the power density output 

of the piezoelectric cymbal device across varying resistive load in DC-DC buck 

converter, with the inductance fixed for each measurement. The optimum efficiency 

was obtained at an inductive load of 470 μH 
73

.  

Generally, a cymbal-type device is an example of piezoelectric MEMS on which an 

impulsive force is usually applied. These devices are not necessarily designed to 

operate at mechanical resonance frequency, instead they are designed with metal-

ceramic composite to withstand high mechanical loading 
73

 under cyclic stress. In 

addition, they have a high effective strain coefficient deff 
73

, such as ~15,000 pC/N as 

reported by Kim et al. (2007) 
73

. In the research work reported by Kim et al. (2007) 

73
 the device impedance was matched with a complex load (R + jXL) of the DC-DC 

converter circuit whereas, Shem at al. (2008) 
59

 performed impedance matching 

using resistive load only. It is worth considering that unlike resistive load matching, 

complex load matching increases the bandwidth of operation and allows the energy 

harvester to have a broader range of optimum load resistances (as shown in Figure 

22(a)).  
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Figure 21. Buck converter circuit used for matching the impedance of energy harvester 
73

. 

  

 

 

Figure 22. (a) Complex impedance matching for the buck converter in Figure 21. (b) Design of 

cymbal-type MEMS device 
73

. 

 

The effect of energy harvester’s internal impedance on the power output 

performance was investigated by Sodano et al. (2004). A PZT-based Micro Fibre 

Composite (MFC) MEMS, originally designed by NASA Langley Research, was 

fabricated and its performance was compared with a biomorph piezoelectric device. 

The biomorph was fabricated using monolithic PZT embedded in epoxy composite. 

The MFC design comprised of PZT microfibres also embedded in epoxy composite 

Metal End-Cap

Piezoelectric Material
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and they were contacted with interdigitated copper electrodes (Figure 23(b)). For 

comparison, the surface area of PZT and the measurement conditions for both 

devices were kept same.  The MFC device generated open-circuit voltage higher 

than the bimorph device but, due to interdigitated electrode (IDE) design it possessed 

higher internal impedance than the later. The IDE were designed to connect multiple 

PZT fibres in series which increased the series resistance of the device and therefore 

its current density decreased. Owing to this reason, the MFC device did not produce 

enough current to charge a 200 mA h nickel metal hydride battery whereas, the 

biomorph device was able to charge the same in 4 hours 
74,75

.  

 

 

Figure 23. (a) Schematic of a typical piezoelectric biomorph device 
76

. Inset showing top view of 

actual device reported by Sodano et al. (2004) 
74,75

. (b) Micro Fibre Composite (MFC) device 

assembly 
74

.  

 

 

2.6.2. ZnO-Based Piezoelectric Energy Harvesters 

ZnO nanostructures are considered for applications in gas sensors, solar cells, photo 

sensors, vibration sensors and vibration energy harvesters. The piezoelectric property 

of ZnO nanorods and nanowires is widely used in nanostructure-based vibration 

energy harvesters (also called nanogenerator). The nanorods and nanowire provide 

benefit of vertical alignment which is believed to facilitate longitudinal, transverse 

and shear modes of strain distribution. This section provides a brief overview on the 

(a) (b)
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development of nanostructured-ZnO energy harvesters with the main focus on their 

fabrication, measurement and characterisation. The piezoelectric charge generation 

from ZnO nanowires was first observed using conductive atomic force microscopy 

(c-afm) technique. 0.2 – 0.5 µm long nanowire arrays were fabricated on α-Al2O3 

substrate using vapour-liquid solid (VLS) method. Voltage peaks of 2 mV - 8.5 mV 

across load resistance RL of 500 MΩ were observed when nanowire tips were 

laterally bent 66 nm - 149 nm using platinum (Pt) coated AFM tip in contact mode 

while maintaining a constant force of 5 nN between the tip and ZnO surface 
77

.  

 

 

 

Figure 24. (a) SEM image of ZnO nanowire, (b) C-AFM measurement showing lateral bending 

of ZnO nanowire using AFM tip 
77

. 

 

Due to electron affinity (Ea) of 4.5 eV for ZnO and work function (ɸ) of 6.1 eV for 

Pt, ZnO-Pt contact formed a Schottky barrier. As explained by Wang  and Song 

(2006) 
77

, when scanned on the tensile positive surface, the AFM tip made a reverse 

biased Schottky contact with ZnO which facilitated piezoelectric charge 

accumulation in the nanowire volume. Thereafter, a forward biased Schottky contact 

was formed when the AFM tip contacted the compressed negative surface and the 

discharge of the piezoelectric charges occurred through the AFM tip. Therefore, 

Schottky barrier was described to be essential for piezoelectric charge generation 
77

. 

However, the concept of piezoelectric charge accumulation under reverse bias 
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Schottky contact is arguable. Firstly, the concept of piezoelectric charge is 

considered as fundamentally invalid. As explained by Abu-Faraj (2012) 
18

, in a 

piezoelectric material stress-induced polarisation is caused by its crystal’s ionic 

separation. This polarisation change is measured as voltage output. The measured 

voltage is therefore not developed due to movement or discharge of charges, but it is 

built-up by retention of polarised immobile charges 
78

. Hence, the reported concept 

of generation or flow of piezoelectric charges under polarisation field was 

fundamentally incorrect.  

To further elaborate the necessity of Schottky barrier as an essential element for 

piezoelectric response measurement, we consider the concept of screening. The 

voltage generation of piezoelectric material or device is affected by external and 

internal screening. As explained previously, screening refers to damping of 

polarisation charges by free mobile carriers. These mobile carriers are said to cause 

internal screening, when they are generated due to material carrier concentration. 

Therefore, internal screening effect increases with the increase in material 

conductivity. When the flow of free-charge carriers is caused by external contacts on 

the piezoelectric material, then the resulting screening is called external screening 
54

. 

In the case of AFM measurement, the probe of AFM was considered to be an 

external contact on ZnO and therefore, the measurement of piezoelectric response 

was affected by external screening.  

A Schottky contact between metal and semiconductor forms a Schottky barrier. This 

energy barrier at metal/semiconductor interface is considered to reduce the flow of 

external charges from measurement circuit to the semiconductor. As the rate of flow 

of free-charge carriers is reduced, the retention of polarisation charges is increased 

and this causes a measureable voltage to be built-up across the material. Therefore, it 

was considered that the presence of Schottky contact between ZnO and Pt was 

responsible in reducing the screening effect and causing voltage to be measured. 

This effect of a barrier between piezoelectric material and external contact was later 

elaborated to be essential for reducing external screening 
79

. Additionally, Schottky 

contacts were used in device fabrication and the first devices fabricated for vibration 

energy harvesting with ZnO nanostructures were based on ZnO and metal contacts 

79–82
. 
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Figure 25. Various Schottky-type device configurations (a) flexible Au/ZnO device 
80

, (b) and (c) 

rows of Au/ZnO devices connected in series 
81,83

. 

 

The research on ZnO-based devices from 2006-2012 was focused on material 

processing and fabrication techniques. The research focus was not majorly on 

measurement and characterisation of devices. Due to this, understanding effects of 

device components, such as electrode material, on its performance were not clear. 

As a concept established through research work on metal contact-based ZnO 

piezoelectric energy harvesters, Schottky barrier provided separation of interfacial 

charges at metal-semiconductor junction and prevented the screening of ZnO 

polarisation charges by the carriers moving from the external contacts 
77,79

.  Hence, 

initially Schottky contact was considered to be essential for devices to work. 

Moreover, it was observed that the peak voltage generation from Schottky-type 

devices was limited to few hundred millivolts 
54

. The only method used for 

improving voltage generation was through devices’ series connection.  

(c)

(a) (b)
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As demonstrated by Lee et al. (2011) 
80

, the highest peak voltage generation of a 

Schottky-type ZnO nanowires-based energy harvester was 350 mV and 125 nA cm
-2

. 

The nanowires were vertically grown on ZnO-seeded indium tin oxide/kapton 

polyimide substrate using aqueous solution of Zn(NO3)2 and 

Hexamethylenetetramine (HMT). They were spin-coated with poly(methyl 

methacrylate) (PMMA) and the tips were etched using oxygen plasma treatment in 

order to form Schottky contact with a metal top contact. A mechanical vibration 

system, operated at 10 Hz excitation frequency, was used to generate voltage 

response of 350 mV. Thereafter, 10 devices of this configuration were stacked in 

series to increase the peak voltage output and current density to 2.1 V and 105 nA 
80

.  

Similarly, as reported by Zhu et al. (2010), voltage output for Schottky junction-

based ZnO energy harvester was achieved by integrating 600 rows of ZnO devices in 

electrical series connection (Figure 25). The nanowires were laterally assembled on 

125 µm thick kapton polyimide substrate. 600 rows of 300 nm thick gold electrodes 

were sputtered on top of the nanowires (Figure 25(b)). The completed device was 

encapsulated in Polydimethylsiloxane (PDMS). This device was mechanically 

stretched and released using force applied by a linear motor. At the maximum 

applied excitation frequency of 0.33 Hz, peak voltage and peak current density of 

2 V and 107 nA/cm
2
 was obtained 

83
. A similar approach of connecting 700 devices 

was reported by Xu et al. (2010), where 700 laterally aligned nanowire-based 

devices were connected in series 
81

 (Figure 25(c)). This series connected device 

generated 1.2 V output.  

From the analysis of results reported by Zhu et al. (2010) 
83

 and Xu et al. (2010) 
81

 it 

was certain that if 600 - 700 devices connected in series generated peak open-circuit 

voltage of 1.2 V to 2 V, then each device was generating 1 – 2 mV voltage output. It 

was considered that there were losses in Schottky-type devices which were not 

addressed and analysed; instead rows and stacks of devices were connected in series 

to increase the final output. In any case, connecting multiple Schottky-type devices 

was not a solution to reduce device losses. Losses caused by device electrodes were 

later explained by Briscoe et al. (2012)
54

 by considering external screening effect 

caused by electrode types. For experimental analysis, A p-n junction-type device 

comprising of semiconducting top electrode was reported to generate peak open-

circuit voltage of 10 mV and short-circuit current density of 10 μA cm
-2

 by bending 



Literature Review 

39 

 

the device at a rate of ~2 Hz. In this device, n-type ZnO nanorods were coated with a 

film of p-type semiconductor Poly(3,4-ethylenedioxythiophene) Polystyrene 

sulfonate (PEDOT:PSS). The open-circuit voltage output and short-circuit current 

density of this device was higher than the individual Schottky-type devices reported 

by Zhu et al. (2010) 
83

 and Xu et al. (2010) 
81

. This increase in voltage output was 

described to be caused by reduced screening effect of semiconducting top electrode. 

It was reported that free-charge carrier transport into ZnO was higher from metal 

electrodes than semiconducting PEDOT:PSS top electrode. This was because metals 

have carrier concentration in the range of ~10
28

 m
3 84

, which is higher than 

PEDOT:PSS carrier concentration of 10
19

 cm
-3

 
54

. Additionally, interfacial charges 

were also considered to be higher in metal/ZnO contact, due to higher carrier 

mobility at metal surface. Hence, the rate of external screening of polarisation 

charges was higher in metal contacts than semiconducting contacts. 

The slower rate of screening in p-n junction-type device was further elaborated using 

band diagrams (Figure 26). An understanding of piezoelectric polarisation and its 

screening was developed using the band positions of ZnO/PEDOT:PSS. The bands 

of polarised ZnO were demonstrated to be tilted due to depolarisation field (Edep), 

which drives the compensating free-carriers present within the material and 

transported from the contacts (Figure 26(b)). The internal screening of the 

polarisation field is dependent on the conductivity of ZnO. Hence, increase in ZnO 

conductivity increases the rate of internal screening. It was analysed that, when 

carrier concentration of ZnO increases to 10
18

 cm
3
, the energy harvester voltage 

output is completely screened before getting measured. However in the presented 

report, the carrier concentration of ZnO was ~10
17

 cm
-3

 which did not completely 

internally screen the polarisation field.  The faster screening was demonstrated to 

occur due to interfacial charges between ZnO and ITO (Figure 26(c)). The bound 

charges were shown to be partially screened. Thereafter, the screening due to hole 

accumulation at the ZnO/PEDOT:PSS interface occurred at a slower screening rate 

due to semiconducting properties of PEDOT:PSS, which allowed generated voltage 

to be measured before it was completely compensated (Figure 26(d)) 
54

. Hence, this 

study highlighted the importance of using semiconducting external electrodes with 

piezoelectric material. It effectively explained the losses due to metal external 

electrodes and the resulting short-comings in the devices fabricated with them.  
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Figure 26. (a) PEDOT:PSS/ZnO device band diagram, showing: (b) internal carrier screening, 

(c) fast screening effect from ITO/ZnO junction and (d) slow screening effect from 

PEDOT:PSS/ZnO junction 
54

. 

The external screening issue was also addressed by introducing an insulating layer, 

most commonly poly(methyl methacrylate) (PMMA), as a top contact with 

nanowires 
85

. This insulator-type device was first integrated with two series 

connected devices (as shown in Figure 27). ZnO nanowires using hydrothermal 

method were synthesized on the two surfaces of the ZnO seeded polystyrene (PS) 

substrate. PMMA layer was spin coated on the nanowires on both surfaces. The 

PMMA layers filled the interspaces of the nanowire arrays and covered their tips. A 

Cr/Au electrode was deposited on top of the PMMA. 2 series connected insulator-

type devices generated 10 V which was an order of magnitude higher than hundreds 

of series connected Schottky-type devices reported Zhu et al. (2010) 
83

 and Xu et al. 

(2010) 
81

. The current density also increased to 10 μA cm
-2 85

. It was interesting to 

note that although the peak open-circuit voltage output of the insulator-type device 

was also an order of magnitude higher than the p-n junction-type device reported by 

Briscoe et al. (2012) 
54

 but the short-circuit current density was in the same range. 

This indicated that although the insulator-type device’s open-circuit voltage output 

was enhanced but there were factors which reduced its voltage-driven current 

density. Therefore, this result required further consideration and study. Hence, 
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determination of differences between p-n junction-type and insulator-type device 

performance became one of the motivations of study presented in this report. 

 

 

Figure 27. Series connected insulator-type device 
85

. 

 

Adverse effect of internal screening of polarisation charges is as substantial as that of 

external screening. The improvement in ZnO energy harvester’s performance is 

linked with minimising both external and internal screening effects. The internal 

screening effect in ZnO is caused by its conductivity which is enhanced due to: (1) 

increase in donor type impurities, (2) increase in carrier concentration upon UV 

illumination (band gap 3.37 eV) 
54

. ZnO has intrinsic surface donor defects such as 

oxygen vacancies and zinc interstitials 
35,36

. The interaction of the material surface 

with moisture creates hydroxyl OH
-
 ions which were also identified as donor species 

86
. The surface states unintentionally dope ZnO by injecting carriers. Therefore, this 

increases the n-type conductivity of ZnO and consequently, the rate of internal 

screening of polarisation field increases 
36,87

.  

In order to suppress the effects of surface species, ZnO surface was modified using 

thermal and chemical treatments. These treatments are considered to modify material 

surface by suppressing their defects and impurities. Consequently, the carrier-

induced conductivity of ZnO reduces, which reduces the internal screening effect. 

Three types of treatments were carried out by Hu et al. (2012) 
36

: oxygen plasma 

treatment, thermal annealing and chemical coating. The top electrode material and 

configuration of this treated-nanorod based device was similar to PMMA-based 
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device
85

, however ZnO nanorods in this case was surface treated for performance 

optimisation. The oxygen plasma treatment was applied to reduce the oxygen related 

defects on ZnO surface. Therefore, this resulted in the generation of 5 V and 

300 nA cm
2
. The device performance was observed to be further enhanced with ZnO 

surface thermally annealed at 350°C. This treatment was considered to eradicate the 

surface adsorbed species and non-stoichiometric defects which resulted in ZnO 

energy harvester to produce 8 V and 900 nA cm
-2

. Oxygen plasma treatment and 

thermal annealing were the treatments which passivated ZnO surface, but did not 

form any permanent coat on it. Due to this, the oxygen plasma treated ZnO-based 

energy harvester was exposed to the environment for stability study. It was observed 

that the performance of oxygen plasma treated ZnO device deteriorated after 2 

weeks, which indicated instability of oxygen plasma treatment under atmospheric 

conditions. In order to resolve this issue, a permanent coating of polyelectrolyte 

solutions of Polydiallyldimethylammonium chloride (PDADMAC) and Polystyrene 

sulfonate (PSS) were coated on ZnO surface. Due to adhesion of coating onto ZnO 

surface, the suppression of surface states was more effective as compared to oxygen 

plasma and thermal treatment. The device generated peak open-circuit voltage of 

20 V and short-circuit current density of 6 μA cm
-2 36

. 

Another method commonly adopted to reduce donor concentration in ZnO is by 

doping it with acceptor ions of lithium (Li+) and silver (Ag+). This approach was 

adopted to reduce the rate of internal free-carrier screening in ZnO nanowires. In 

doped ZnO, the rate of internal screening was successfully reduced; but the reported 

devices of doped ZnO were fabricated with Schottky-type contacts which could have 

increased the external screening losses. The voltage output of the devices were 

therefore an order of magnitude less than that of the insulator-type ZnO surface 

treated devices reported by Hu et al. (2012)
36

. Sohn et al. (2013) reported growth of 

2.5 µm long ZnO nanowires on ZnO-seeded p-type Si substrate using chemical bath 

method with aqueous solutions of Zn(NO3)2, HMT and dopant precursor Lithium 

Nitrate (LiNO3). The ITO-coated PES substrate was contacted on top of the 

nanowires and they were mechanically excited using sonic waves of 100 dB at 

100 Hz. The doped nanowire devices generated ~900 mV with the optimum addition 

of Li ions. In another device, the surface of doped nanowires was treated with oleic 

acid and the voltage output was further increased to 2.9 V 
88

. Similarly, the ZnO 
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nanowires were doped with Ag ions during wet chemical bath growth technique. 

ZnO nanowires were grown on ZnO-seeded gold (Au)-coated polyester fibres using 

Zn(NO3)2, HMT and silver nitrate (AgNO3) precursor solutions. The Ag dopants 

were ions generated by AgNO3 which act as shallow acceptor in ZnO nanowires. 

Another gold (Au)-coated polyester was used as the electrode layer on top of the 

nanowire arrays. The device generated 4 V peak-to-peak and 0.1 µA cm
-2

 peak-to-

peak 
89

.  

2.6.2.1. Impedance Matching in ZnO-based Piezoelectric Energy 

Harvesters 

For optimised power generation, the impedance of ZnO energy harvesters was 

matched using energy harvesting circuits such as: simple bridge rectifier with storage 

capacitor
83

 and buck converter 
36

. The energy harvesters were demonstrated to 

electrically energise the circuit to power an LED 
83

, wrist watch 
36

, wireless 

transmitter 
36

, etc. These demonstrations were useful in highlighting the benefits of 

ZnO energy harvesters as self-powered source. However, unlike the reported 

knowledge in PZT energy harvesters, the literature on ZnO devices did not provide 

details and procedures of impedance matching with energy harvesting circuits. 

Secondly, not only it is important for energy harvester to drive an electronic circuit 

but also to charge the capacitor of energy harvesting circuits in sufficient time. The 

best performing devices for insulator-type devices generated short-circuit current 

density of 300 nA cm
-2

 to 10 μA cm
-2

, were reported to charge a capacitor and 

deliver stored power to light an LED. But, to charge capacitor, number of input 

vibration cycles and duration taken to charge the capacitor was not specified.  

 

2.6.2.2. Study of Screening Effects using Piezoelectric Force 

Microscopy 

The semiconductor piezoelectric nanorods of ZnO have reportedly been synthesised 

by Pulsed Layer Deposition (PLD), Chemical Vapour Deposition (CVD), Chemical 

Bath and Electrochemical methods
90

. The growth parameters and procedures affect 

the crystallinity, defects, surface-states and carrier concentration of ZnO nanorods 

which affect its piezoelectric behaviour. A considerable variation in the piezoelectric 
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behaviour of ZnO nanorods is caused by the screening effects of free-electron 

carriers which are influenced by its electron transport properties, surface-states, 

native defects and doping concentration
29,90,91

.  

 

Figure 28. Correlation of resistivity to piezoelectric response in ZnO nanorods
92

. 

 

Piezoelectric Force Microscopy (PFM) technique has been used to determine the 

piezoelectric response of nanostructured-ZnO in association with its electrical 

properties such as, surface defects and carrier concentration. The PFM technique is 

essentially based on Scanning Probe Microscopy (SPM) with an AC signal applied 

between the conductive tip of a probe and the substrate. The displacement in the 

material, normally expressed in picometer per volt, is detected by a photo diode 

sensor and transmitted to the lock-in amplifier
93,94

. This technique was implemented 

to measure piezoelectric coefficient of ZnO nanostructures; for instance  d33 of ZnO 

nanorods was measured and a correlation between d33 properties and resistivity of 

ZnO nanorods was observed 
92

. It was reported that as the resistivity of the nanorods 

was increased from 0.1 to 155 Ωcm the corresponding piezoelectric coefficient 

increased from 0.4 to 9.5 pm/V (Figure 28).  This effect was explained using free-

charge carrier screening phenomenon. It has been established that conductivity of 

ZnO governs the flow of internal free-charge carriers in its polarised state. Therefore 

due to higher carrier conductivity in 0.1 Ωcm nanorod sample, the internal screening 

rate was considered to be higher and therefore the piezoelectric response of the 

nanorod reduced, causing the measured d33 value of 0.4 pm/V 
29,92

. 
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Hussain et al.
95

 demonstrated a reduction in the defect level of ZnO using oxygen 

plasma treatment. The consequent reduction in ZnO free-carrier density improved 

the voltage output from individual nanorods bent using AFM tip. Before oxygen 

plasma treatment, the average output voltage was 78 mV and after oxygen plasma 

treatment it increased to 122.7 mV
95

. 

2.7. Summary 

This section was aimed to provide an overview on the dielectric materials which are 

classed as non-centrosymmetric crystals and due to their functional properties they 

are used for energy harvesting applications. Piezoelectricity is a widely employed 

phenomenon in sensors, actuators and resonators, nevertheless it is considered vital 

for self-powered energy harvesting systems. In order to develop a piezoelectric 

energy harvester, it is very important to evaluate its performance using standardised 

characterisation and measurement techniques such as impedance analysis. 

Impedance analysis is an effective tool which studies the behaviour of reactive and 

resistive impedance in piezoelectric energy harvesters. Thus it provides the resonant 

frequency at which the power generation of the piezoelectric source can be 

maximised. Secondly, it indicates the impedance offered by resistive and capacitive 

elements in piezoelectric source and therefore identifies the importance of complex 

load matching (R + jX) with it. Piezoelectric energy harvesters/generators are 

capacitive sources and their power generation is optimised using load matching. This 

concept is based on maximum power transfer theorem and is aimed to obtain the 

load impedance to which the energy harvester delivers maximum power output.  

For the purpose of piezoelectric energy harvesting, materials like Barium Titanate 

(BaTiO3) and Aluminium Nitride (AIN) have been considered, but PZT has been the 

most frequently used. The piezoelectric energy harvesters were mainly fabricated 

using bulk and thin film materials and in this regard PZT gained popularity in 

microelectromechanical systems (MEMS) due to its excellent piezoelectric 

properties such as electromechanical coupling coefficient k33 > 0.7 and piezoelectric 

coefficient d33 > 350 pm/V. MEMS energy harvesters have been fabricated as simple 

cantilever-type, cymbal-type and stack-type structures. Each structure has its own 

advantages and disadvantages and is implemented according to applications and 

requirements. The significance of studying PZT MEMS devices not only lies in their 
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designs but, also in the methods used to measure and characterise them. PZT MEMS 

devices have been fabricated and operated at mechanical as well as electrical 

resonance 
59

 which was a very useful demonstration of optimising power generation 

of piezoelectric devices. The main issue with piezoelectric devices is narrow 

frequency bandwidth of operation. Therefore, methods were developed to address 

this problem and the concept of inductive load matching 
73

 was reported which tuned 

the piezoelectric device to operate across a bandwidth of load. Secondly, for 

mechanical frequencies, the same problem was approached by using MEMS devices 

with more than one PZT sources tuned to operate at different frequencies 
63

. In 

addition to power generation optimisation and broadband tuning techniques, energy 

harvesting converter circuits were also developed and the impedance of piezoelectric 

generators was experimentally matched with circuit impedance 
73

. These techniques 

were significant in understanding the fundamentals of piezoelectric device output 

performance and its evaluation.  

ZnO gained wide interest as a piezoelectric energy harvesting material due to its 

growth below 100°C on flexible polymer substrates. However, the research focused 

from 2006-2012 on ZnO energy harvesters was mainly based on materials 

processing and device fabrication techniques. The electrical characterisation of 

devices such as impedance matching and impedance analysis were not developed, 

therefore, it was difficult to understand the role of materials, for e.g., conducting and 

non-conducting top electrodes, in the device output performance. Some of the 

research work however aimed at understanding the polarisation field screening 

effects due to external contacts and internal carriers in semiconductor piezoelectric 

material. Another critical factor was the reported power density, which was 

calculated as the product of open-circuit voltage and short-circuit current density. 

This method of power density calculation did not provide the power delivered to the 

load, because it was multiplication of current and voltage at no load conditions. A 

better approach to analyse power delivered to load was by performing impedance 

analysis. Therefore, fundamental analysis such as impedance analysis, impedance 

load matching were the gaps in the nanostructured ZnO-based energy harvesters, 

which became the motivation of the research conducted and reported here.  
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3. Experimental and 

Methodology 

 

A basic schematic of an energy harvester is, ZnO nanorods sandwiched between two 

electrodes. The ITO, Ag and Zn served as the bottom electrodes. Basically, ZnO 

nanorods were synthesised on top of the bottom electrode. For this, adhesion 

between nanorod arrays and bottom electrode was imperative. Prior to nanorod 

growth, ZnO seed layer was deposited on the bottom electrode, which acts as the 

nucleation sites. Thereafter, ZnO nanorods were grown using aqueous solution 

growth method. 

The tips of the ZnO nanorods were coated with layers of polymers which served as 

the top electrode. Two types of top electrode materials were used for the study: 

Poly(3,4-ethylenedioxythiophene):polystyrenesulfonic acid (PEDOT:PSS) and 

poly(methyl methacrylate) (PMMA). On the surface of top electrode, gold (Ag) 

electrode was deposited which served as device active area. After this, the device 

was wired and its mechanical structure was modified for a specific bend-release 

measurement. 

This chapter presents the details of fabrication techniques of energy harvester, and 

the device groups which were fabricated by varying fabrication and material 

parameters such as: seeding techniques, nanorod growth techniques and top and 

bottom electrode materials.  

3.1. ZnO Seed Layer Deposition on Bottom Electrode 

The substrates used in the presented research work were polyethylene terephthalate 

(PET) coated with indium tin oxide (ITO) film, kapton polyimide coated with silver 

(Ag) film and zinc (Zn) metal foil. The conductive film on the substrate surface 

served as the device bottom electrode. The aim was to grow c-axis oriented vertical 

nanorod arrays on the films, where each film had its respective surface properties, 
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e.g. wettability and roughness, which affect ZnO nucleation. Moreover, in order to 

obtain well-oriented ZnO nanorods, the lattice of ZnO should match the lattice of the 

bottom electrode film 
1
. Hence, a ZnO seed layer using either zinc salt or ZnO 

nanoparticles was deposited on top of the bottom electrode film; and this seed layer 

was considered to reduce the lattice mismatch 
1
, provide low activation barrier for 

the nanorods growth 
2
, and decrease the surface roughness of the conductive film 

3
. 

Therefore, as reported, well-aligned nanorod arrays were grown from the seeded 

ZnO nucleation sites, and their orientation depended on the seed layer grain 

crystallinity 
4,5

. This section provides detailed description of the methods used to 

deposit the seed layer on flexible substrates. 

Initially, attempts were made to deposit a seed layer using sol-gel method. In this 

regard, zinc acetate seed layer solution was first deposited on ITO-coated PET 

substrate.  This seed layer deposition method did not provide sufficient ZnO 

coverage on the substrate. Therefore, for uniform coverage, ZnO seed layer was 

sputtered at an external institute, Cranfield University. With the sputtered substrates 

the fabrication experiments were initialised, whilst another sol-gel deposition method 

of ZnO nanoparticle seed layer was under development. 

3.1.1. Substrate Cleaning 

All substrate types, which include indium tin oxide (ITO)-coated polyethylene 

terephthalate (PET) (Aldrich, surface resistivity 60 Ω per square), Ag-coated kapton 

polyimide and zinc foil, were cleaned with isopropanol (IPA) and acetone. For this, 

the substrate(s) was inserted in a substrate holder which was immersed in a beaker 

filled with IPA and kept in an ultrasonic bath for 15 minutes. Thereafter, the 

substrate was removed from the IPA bath and immersed in the same way into an 

acetone filled beaker and kept inside the ultrasonic bath for 15 minutes.  

3.1.2. Zinc Acetate-Based Seed Solution Deposition 

Sol-gel based method, reported by Choi et al. (2010) 
6
 and Choi et al. (2009) 

7
, was 

used to obtain seed layer on 2 x 1 cm
2
 ITO-coated substrate. Before seed layer 

deposition, 0.3 x 1 cm
2 

of the
 
area from the edge of the substrate was masked with 

kapton polyimide tape (Figure 29), to avoid ZnO growth on it; this area was later 

used to prepare the device electrodes. 0.01 M zinc acetate dehydrate seed solution in 



Experimental and Methodology 
 

55 

 

ethanol was prepared and a pipetted out.  3 drops of solution were spread on the 

substrate surface and spin-coated at 1000 rpm for 60 seconds. The substrates were 

heated on the hot plate at 100°C for 10 minutes. The spin-casting and heating steps 

were repeated six times.  

The substrates prepared using this technique were ITO-coated PET and they were 

arranged in a group called ITO ZnAc (Table 1). 

 

 

Figure 29. 0.3 x 1 cm
2 

of the
 
area from the edge of the substrate was masked with kapton 

polyimide tape. 

 

3.1.2.1. Substrate Pre-Treatment for Seed Layer  

This method was adopted to improve the adhesion and coverage of the zinc acetate-

based seed layer on the ITO substrate. The ITO substrate was dipped inside ethanol 

and ultrasonicated for 5 minutes. Thereafter, the method of zinc acetate seed layer 

deposition was implemented; according to which, 0.01 M zinc acetate dehydrate 

seed solution was spin-deposited six times on the pre-treated substrate.  

The substrates prepared using this technique were ITO-coated PET and they were 

arranged in a group called ITO ZnAc* (Table 1). 

3.1.3. Sputter Deposition 

The sputtered ZnO seed layer was initially used as a substitute to zinc acetate-based 

seed seed layer. Prior to sputtering, the substrates were cleaned with IPA and 

acetone. Following the cleaning process, ZnO seed layer of 200 nm thickness was 

sputtered on ITO substrates using Balzer sputtering system at an external institution, 

Cranfield University.  

Kapton tape

Bottom electrode 
substrate
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The substrates prepared using this technique were ITO-coated PET and they were 

arranged in a group called ITO Sp and ITO Sp* (Table 1). 

3.1.4. ZnO Nanoparticle Seed Deposition 

The ZnO nanoparticle seed solution was prepared by the method described by Liu & 

Kelly (2014) 
8
 and was used to deposit seed layer on ITO-coated PET, Ag coated 

kapton polyimide and zinc foil. 13.4 mM of zinc acetate dehydrate in methanol and 

23 mM of KOH in methanol were prepared. The zinc acetate solution was heated to 

65°C with simultaneous stirring. When the temperature of the solution reached 65°C, 

the stirring was continued and KOH solution was dropped into it at a rate of 1 ml per 

minute. The mixture turned translucent after 10 min and it was left to stir for 2.5 

hours at 65°C. Thereafter, it was left to cool for another hour. Precipitates were 

formed and they settled to the bottom of the container. The solution along with the 

precipitate was centrifuged for 5 min at 4000 rpm. The supernatant was drained and 

the precipitate was cleaned with methanol; the cleaning step involved dispersing of 

precipitate in methanol and centrifuging it for 5 min at 4000 rpm. The cleaning 

process was repeated three times and then the precipitate was dispersed in 1-butanol, 

methanol and chloroform in the ratio 14:1:1 to obtain the final ZnO nanoparticle 

solution concentration of 6 mg/ml. This solution was left to settle for 15 min and 

then it was filtered using 0.45 µm polytetrafluoroethylene (PTFE) filter to remove 

the precipitate residue. The filtered suspension carried ZnO nanoparticles which 

were spray-coated onto cleaned conductive substrates using pneumatic micro-spray 

gun 
9
. The substrates, with conductive surfaces facing up, were placed on a 45° 

angled hotplate set at 100°C. The reservoir of the spray gun was filled with the seed 

solution and the substrates were sprayed using side-to-side motion of the gun. One 

complete coat comprised of back and forth spraying on the substrates for 12 seconds 

and total 20 coats were sprayed on the substrates.    

The substrates prepared using the nanoparticle seeding technique were ITO-coated 

PET, zinc foil and Ag-coated kapton and they were arranged in groups called ITO 

NP, Zn NP and Ag NP respectively (Table 1). 
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Table 1. Group names of the ITO, zinc and silver substrates seeded using various methods. 

Group Names of Seeded 

Samples 
Description 

ITO ZnAc 
ITO-coated PET substrate coated with zinc acetate-

based seed solution. 

ITO ZnAc* 
ITO-coated PET substrate pre-treated with ethanol and 

then coated with zinc acetate-based seed solution. 

ITO Sp 
ITO-coated PET substrate sputtered with ZnO seed 

layer 

ITO Sp* 
ITO-coated PET substrate sputtered with ZnO seed 

layer 

ITO NP 
ITO-coated PET substrate seeded with ZnO 

nanoparticle seed solution. 

Zn NP 
Zinc foil substrate seeded with ZnO nanoparticle seed 

solution. 

Ag NP 
Ag-coated kapton polyimide substrate seeded with ZnO 

nanoparticle seed solution. 
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3.2. Nanorods Growth on Bottom Electrode: Aqueous 

Solution Growth Technique 

3.2.1. 25 mM Equimolar Solution Growth Condition 

In the presented work, ZnO nanorod arrays were synthesised on seeded substrates 

using aqueous solution growth technique reported by Greene et al. (2003)
10

. The 

substrates used were: polyethylene terephthalate (PET) coated with indium tin oxide 

(Aldrich, surface resistivity 60 Ω per square), silver coated kapton polyimide and 

zinc foil. Aqueous solutions of zinc nitrate hexahydrate Zn(NO3)2.6H2O (Alfa Aesar, 

99%) and Hexamethylenetetramine HMT (Alfa Aesar, 99+%)  in 25 mM equimolar 

concentration were used as the precursor solutions. 25 M equimolar concentration of 

aqueous solutions of Zn(NO3)2 and HMT were prepared; 25 ml of each was added to 

200 ml of DI water in a jar to obtain the final precursor concentration of 25 mM. The 

seeded substrates were adhered onto the flat surface of a rectangular glass slab with 

the conductive seeded side facing upward. The slab had wires wound around the 

smaller two sides in order to hang it in the solution. The slab along with the 

substrates was immersed inside the solution and the flat surface with substrates was 

facing downwards (Figure 29). It was kept off from touching the base of the jar and 

the attached wires were hooked onto the wall edge of the jar. The lid of the jar was 

closed and the solution was kept inside a pre-heated oven at 90°C for 2.5 hours. 

Thereafter, the substrate subjected to 1 synthesis, was rinsed with DI water.  The 

cleaning step removes the adhered homogenously nucleated nanorods from 

heterogeneously nanorods surface. The solution was refreshed and the synthesis 

process was repeated six times to obtain nanorods with 2 μm length and 70 nm 

width. 

Using 25 mM equimolar solution growth condition, the nanorods were synthesised 

on ITO ZnAc, ITO ZnAc* and ITO Sp seeded-substrates (seeded substrates Table 

1); after nanorods growth on the mentioned samples, they were named as ITO 

ZnAc(25), ITO ZnAc*(25) and ITO Sp(25), respectively (Table 2). 
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3.2.2. 50 mM Equimolar Solution Growth Condition 

In this growth condition, the final solution concentration of Zn(NO3)2 and HMT was 

50 mM each. 25 mM aqueous solutions of Zn(NO3)2 and HMT were prepared; 50 ml 

of each solution was dissolved in 150 ml of DI water to obtain the final solution 

concentration of 50 mM for each precursor. The substrates were placed inside the jar 

and allowed to suspend in the solution. One synthesis was carried out for 4 hours.  

Using 50 mM equimolar solution growth condition, the nanorods were synthesised 

on ITO Sp*, ITO NP, Zn NP and Ag NP seeded-substrates (seeded substrates Table 

1); after nanorods growth on the mentioned samples, they were named as ITO 

Sp*(50), ITO NP(50), Zn NP(50) and Ag NP(50), respectively (Table 2). 

 

Table 2. ZnO nanorods grown using different final solution concentrations and on various 

substrates. These nanorod samples were grouped as follows: 

Group Names of Nanorod 

Samples 
Description 

ITO ZnAc(25) 

25 mM equimolar solutions of Zn(NO3)2 and HMT used for 

nanorod synthesis on ITO ZnAc sample. Nanorod synthesis 

steps were repeated six times. Each step had a duration of 2.5 

hours. 

ITO ZnAc*(25) 

25 mM equimolar solutions of Zn(NO3)2 and HMT used for 

nanorod synthesis on ITO ZnAc* sample. Nanorod synthesis 

steps were repeated six times. Each step had a duration of 2.5 

hours. 

ITO Sp(25) 

25 mM equimolar solutions of Zn(NO3)2 and HMT used for 

nanorod synthesis on ITO Sp sample. Nanorod synthesis steps 

were repeated six times. Each step had a duration of 2.5 hours. 

ITO Sp*(50) 

50 mM equimolar solutions of Zn(NO3)2 and HMT used for 

nanorod synthesis on ITO Sp* sample. One nanorod synthesis 

was performed for 4 hours. 

ITO NP(50) 

50 mM equimolar solutions of Zn(NO3)2 and HMT used for 

nanorod synthesis on ITO NP sample. One nanorod synthesis 

was performed for 4 hours. 

Zn NP(50) 50 mM equimolar solutions of Zn(NO3)2 and HMT used for 

nanorod synthesis on Zn NP sample. One nanorod synthesis was 
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performed for 4 hours. 

Ag NP(50) 

50 mM equimolar solutions of Zn(NO3)2 and HMT used for 

nanorod synthesis on Ag NP sample. One nanorod synthesis 

was performed for 4 hours. 

 

 

 

Figure 30. Substrate attached to the surface of a glass slab and immersed facing down in a jar 

containing precursor solution. 

 

3.3. Surface Passivation of ZnO Nanorods 

In the reported research work, analysis was performed on effects of ZnO surface 

modification or surface passivation on PEDOT:PSS-based energy harvester’s 

performance. In this method, the surface-states of ZnO were modified for device 

performance optimisation. For this, a nanometre-ranged ceramic material layer was 

coated on the synthesised nanorods surface. The performance of these coated 

nanorod-based devices was compared with devices in which surface passivation was 

not performed (non-coated nanorods).  

The surface of ZnO nanorods was modified using copper thiocyanate (CuSCN) 

spray-deposition. In surface modified ZnO devices, this process was carried out after 

the growth of nanorods. For the non-coated (as grown) nanorod-based devices, this 

process was not performed.  

Substrate attached
with glass slab

Wires to attach the 
glass slab in position

Nanorod synthesis 
solution
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3.3.1. CuSCN Passivation 

The surface of the ZnO nanorods was modified using CuSCN deposition. 0.15 M 

CuSCN (Aldrich, 99%) solution in dipropyl sulphide (Alfa Aesar, 98+%) was 

sprayed on the nanorods surface using pneumatic micro-spray gun. The nanorod 

substrates were fastened on a hotplate, which was angled at approximately 45° and 

set at 50°C. 2, 10 and 20 coats were sprayed on ITO Sp(25) nanorod samples. For 

each coat, 0.5 ml of CuSCN was filled in the spray gun reservoir and the spraying 

was performed in a side-to-side motion of the gun 
9
.  

After the spray-deposition of CuSCN on the ITO Sp(25) samples, the device top 

electrode was fabricated. Thereafter, the gold electrode deposition, device wiring and 

mounting was performed. The devices fabricated with 2, 10 and 20 coats of CuSCN 

modifier were grouped as CuSCN-2, CuSCN-10, CuSCN-20 (Table 3). 

 

 

Figure 31. (a) As-grown ZnO nanorods, (b) CuSCN solution spray-coated on the surface of ZnO 

nanorods. 

 

3.4. Top Electrode Fabrication 

Two types of top electrodes were fabricated, PEDOT:PSS-based and PMMA-based. 

These top electrodes were deposited on top of both CuSCN-coated and non-coated 

nanorods.  

3.4.1. Spin Coating of PEDOT:PSS 

There were two different speeds at which PEDOT:PSS was spin-coated over the 

nanorods substrates: 

(a) (b)
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3.4.1.1. 2000 RPM  

ZnO nanorods were synthesised on seeded 2x1 cm
2
 ITO, silver and zinc coated 

polymer substrates. Each of the ITO, silver and zinc served as a bottom electrode and 

in p-n junction-based devices the top electrode comprised of Poly(3,4-

ethylenedioxythiophene):polystyrenesulfonic acid (PEDOT:PSS). PEDOT:PSS is an 

organic p-type semiconducting and flexible polymer. The deposition of PEDOT:PSS 

(Aldrich, 1.3 wt% in water, conductive grade) was carried out using spin-coating 

technique. The ZnO nanorod substrate was fastened onto the spin-coater disk and 

0.5 ml of PEDOT:PSS was dropped onto the surface of nanorods and spun at 2000 

rpm for 30 seconds. For 5 minutes, the substrate was kept on a hotplate set at 100°C 

for the layer to dry. Thereafter, another layer of PEDOT:PSS was spin-coated at 

2000 rpm for 30 seconds, and dried in the similar way. In this way, 2 layers of 

PEDOT:PSS were deposited onto the nanorods (Figure 32).  

The devices whose top electrodes were prepared with above outlined method were 

arranged into groups, as outlined in Table 3. 

3.4.1.2. 1000 RPM 

This method of PEDOT:PSS electrode fabrication was specifically applied for 

devices grouped in PDOT-1K. In this method, the nanorods were coated with 2 

layers of PEDOT:PSS spin-deposited at 1000 rpm. This method was performed in 

the similar manner as 2000 rpm deposition with the spin-coater speed changed to 

1000 rpm. 

The devices fabricated with PEDOT:PSS deposited at 1000 rpm were grouped as 

PDOT-1K (Table 4). 
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Figure 32. (a) ZnO nanorods before top electrode, (b) Top electrode spin-deposited on top of the 

nanorods. 

 

3.4.2. Spin Coating of PMMA 

3.4.2.1. 2000 RPM  

The PMMA-based top electrode was fabricated using 10 wt % solution of 

poly(methyl methacrylate) (PMMA, Aldrich, 850,000 average MW) in 

methoxybenzene (Anisole, Sigma-Aldrich, 99%). The deposition of PMMA solution 

was carried out using spin-coating technique. The ZnO nanorod substrate was 

attached onto the spin-coater disk. Using a pipette, 0.5 ml of PMMA solution was 

dropped onto the surface of nanorods and the coater was spun at 2000 rpm for 30 

seconds. The substrate was kept for 5 minutes on a hotplate set at 100°C, and layer 

was dried. Thereafter, another layer of PMMA was spin-coated at 2000 rpm for 

30 seconds, and dried in the similar way. In this way, 2 layers of PMMA were 

deposited onto the nanorods. 

The devices whose top electrodes were prepared with above outlined method were 

arranged in a group named PMA-2K (Table 4). 

3.4.2.2. 3000 RPM  

In case of 3000 rpm spin-speed PMMA deposition, the 2 layers of PMMA were 

coated on top of the nanorods in the same way as the 2000 RPM deposition. The 

nanorod sample was attached on the disk of the spin-coater. 0.5ml of PMMA 

solution was dropped on top of the rods and the spin-coating was performed at 

3000 rpm. The layer was dried at 100°C on a hotplate. The second layer of PMMA 

was also deposited at 3000 rpm and dried at 100°C.  

(a) (b)
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The devices whose top electrodes were prepared with PMMA deposition at 

3000 rpm were grouped as PMA-3K (Table 4). 
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Table 3. PEDOT:PSS-based device groups based on the top electrode fabrication method, 

bottom electrode and nanorod fabrication method and surface modification. 

Top Electrode 

Fabrication 

Bottom Electrode & 

Nanorod Fabrication 

(Table 2) 

Surface 

Modification 

Group 

Names 

PEDOT:PSS @ 2000 rpm ITO Sp(25) No PDOT-2K/A 

PEDOT:PSS @ 2000 rpm ITO Sp(25) No PDOT-2K/B 

PEDOT:PSS @ 2000 rpm ITO Sp(25) No PDOT-Shorted 

PEDOT:PSS @ 1000 rpm ITO Sp(25) No PDOT-1K 

PEDOT:PSS @ 2000 rpm ITO Sp(25) No PDOT-EM 

PEDOT:PSS @ 2000 rpm ITO Sp*(50) No PDOT-Sm 

PEDOT:PSS @ 2000 rpm Zn NP*(50) No PDOT-Zn 

PEDOT:PSS @ 2000 rpm Ag NP*(50) No PDOT-Ag 

PEDOT:PSS @ 2000 rpm ITO Sp(25) 2 coats of CuSCN CuSCN-2 

PEDOT:PSS @ 2000 rpm ITO Sp(25) 
10 coats of 

CuSCN 
CuSCN-10 

PEDOT:PSS @ 2000 rpm ITO Sp(25) 
20 coats of 

CuSCN 
CuSCN-20 

 

 

Table 4. PMMA-based device groups based on the top electrode fabrication method, bottom 

electrode and nanorod fabrication method and surface modification. 

Top Electrode 

Fabrication 

Bottom Electrode & 

Nanorod Fabrication 

(Table 2) 

Surface 

Modification 

Group 

Names 

PMMA @ 2000 rpm ITO Sp(25) No PMA-2K 

PMMA @ 3000 rpm ITO Sp(25) No PMA-3K 
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3.5. Wiring Device Terminals and Fabrication of 

Mechanical Structure Suitable for Bend-Release Test 

After fabrication of the top electrode, an active device area was made using gold 

sputtering. For deposition of gold on a controlled area, the top electrode surface was 

masked. The gold electrode and bottom electrodes were thereafter connected with 

wires. The 2 x 1 cm
2
 device substrate was adhered on a 5.5 x 2.5 cm

2
 base substrate. 

In this manner the final device dimensions were increased. The increased dimension 

increased the device bending curvature, which was essential for a specific bend-

release test designed for output performance of the devices (measurement set up 

described in section 3.6). 

3.5.1. Masking and Electrode Sputtering 

The gold layer was deposited on the top electrode using Agar Auto Sputter Coater. 

This gold electrode served as an active area which can be wired. As shown in Figure 

33(e), half of the 0.3 x 2 cm
2
 area without having nanorods grown on it, was coated 

with epoxy and left to dry for 2-3 hours. This insulated area allowed the gold 

electrode on top of the PEDOT:PSS to be extended to the edge of the device for 

further wiring. The edge of the epoxy coat which meets the non-coated-ITO area was 

masked with a narrow kapton polyimide (Figure 33(f)), in order to avoid the shorting 

of bottom ITO electrode with gold electrode. The surface of the PEDOT:PSS was 

masked to allow electrode deposition in only a confined area called effective area or 

active area (Figure 33(f)). The effective area allows the selection of an area with 

homogenously and evenly coated PEDOT:PSS, therefore it avoids short-circuiting of 

device and related leakage losses. The average effective area of the devices was 

0.17 cm
2
. By carefully defining the electrode area using a mask, the gold was 

sputtered on the effective PEDOT:PSS area, extended onto the top of epoxy-coated 

area and the ITO electrode area (Figure 33 (g)). The aluminium mask and the kapton 

polyimide spacer between the ITO and gold electrodes were removed.  

The masked substrates were kept inside Agar sputter coater and six coats of gold 

were coated at 0.1 mbar pressure on the defined electrode area. 
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3.5.2. Wiring and Mounting of Device on Base Substrate 

As discussed earlier, the gold electrode was extended up to the edge of the substrate. 

By partially coating the ITO contact with epoxy, the top and bottom electrodes were 

made to lie on the same edge of the substrate but well-separated from each other.  

This configuration assisted the wiring attached to the gold and ITO contact: the wires 

remained on one side of the device while the other end was free to bend without 

moving them. Flat copper wires were adhered on the gold and ITO electrodes using 

silver dag and it was left to dry for 1 hour. After this, the wire contacts bonded with 

silver dag were reinforced using epoxy and left to dry for 1 hour (Figure 33(h)). 

The 2 x 1 cm
2
 device was mounted on top of a 5.5 x 2.5 cm

2
 and 500 µm thick PET 

base substrate. For this, the 2 cm long device was adhered 0.5 cm away from the 

edge of the thicker substrate, and the remaining area of the base substrate was 

reserved for laying the wires for further reinforcement. The copper wires extending 

from the main device to the base substrate, were embedded in epoxy; this reduced 

the movement of wires during bending tests. The copper wires were further extended 

by soldering aluminium wires with them. The soldered contact was carefully bonded 

to the base substrate using epoxy and a glass slab of 1 x 0.5 cm
2
 was fastened on top 

of it. This glass slab assisted in gripping the device with the clamp holder (Figure 

33(i)). 
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Figure 33. Step by step processes involved in the fabrication of ZnO energy harvester. 
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Figure 34. Block diagram of experimentations carried out on ITO substrates to fabricate ITO-based devices. 
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Figure 35. Block diagram of experimentations carried out on Ag and Zn substrates to fabricate ITO-based devices. 
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3.6. Bend Release Measurements 

The bend release measurements were performed on the devices using a mechanical 

set up prepared by the hardware technician team at Queen Mary University of 

London. The detailed set up is demonstrated in Figure 36. The sample holder was 

attached to a handle whose height was adjustable by moving it in z-axis against a 

scale. Opposite to the sample holder, a rotational motor was attached to an x and y-

axis moveable base. The motor had its shaft connected with a cam which served as 

the main source of mechanical excitation to the device at 1 Hz. The oval shaped cam 

had a 2 cm long protruded edge which was used to mechanically displace the device 

upward and release.  

3.7. Measurement of Device Output 

The open-circuit voltage output peaks of the device were recorded using data 

acquisition module National Instruments NI PXI-4461 (24-bit ADC) on the NI PXIe-

1062Q chassis, which was operated through Labview program. Similarly, a Low-

Noise Current Preamplifier SR570 was connected with the NI PXI-4461 (24-bit 

ADC) module and operated by a Labview program to record the short-circuit current 

density peaks. The terminals of the device were connected in parallel to a resistive 

decade box, Meatest M602 programmable decade box, which was connected with 

the PXI-4461 module for data acquisition. A Labview program controlled the 

resistive sweep of the decade box and also recorded the output of the device across 

the sweep of load resistance. 

The impedance analysis was performed from 40 Hz – 110 MHz at oscillator level of 

500 mV using Agilent 4294a Precision Impedance Analyzer. Short-circuit and open-

circuit compensation was performed prior to all measurements.  
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Figure 36. Bend-release measurement kit with motor/cam assembly used to bend the device. 
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4. Nucleation and Growth of ZnO 

Nanorod Arrays 

 

The first step in the fabrication of energy harvester was synthesis of columnar ZnO 

nanostructure arrays called nanorods. These nanostructures were fabricated using 

aqueous solution growth technique reported by Greene et al. (2003) 
1
. This section 

describes the trials to deposit seed layer on various bottom electrode substrates and 

addresses the issues of seed layer adhesion. Moreover, it discusses the dimensions 

and orientations of nanorods grown using solution growth technique with different 

precursor solution concentrations.  

4.1. Aqueous Solution Growth Technique 

ZnO is widely grown at temperature range of 55 – 95 °C 
2
 using chemical bath 

synthesis method, with the aqueous solutions of Zn salt and amine salt. The reaction 

of the chemicals cause dissociation of Zn
+2

 ions from the zinc salt and amine 

hydrolyses to release hydroxide ions 
3
. Commonly used chemicals are Zn(NO3)2 

2
 as 

zinc salt and Hexamethylenetetramine (HMT) 
2,3

 as amine salt. HMT has been 

described to be solution pH buffer: as the pH of the solution increases due to OH
-
 

generation, the rate of hydrolysis of HMT decreases 
4
. The key reactions which take 

place to form ZnO are as follows 
4
: 

𝐶6𝐻12𝑁4 + 10𝐻2𝑂 ⇔  6𝐶𝐻2𝑂 + 4𝑁𝐻4
+ + 4𝑂𝐻− 

𝑍𝑛𝐼𝐼 + 2𝑂𝐻− ⇔ 𝑍𝑛𝑂 + 𝐻2𝑂 

As evident from the reaction equations, HMT hydrolyses to release OH
-
 ions that 

react with Zn
+2 

ions to form ZnO 
4
.  

Prior to the growth of ZnO nanorods, ZnO seed layer is deposited on the susbtrate 

which provides low activation barrier 
2
 and lattice matched 

5
 nucleation sites for ZnO 

to grow in columnar rod-like structures. The presence of seed layer ensures growth 
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of well-oriented nanostructures. The seeded substrate samples discussed and 

demonstrated in this chapter are shown in Table 5. 

 

Table 5. Group names of the ITO-coated PET, zinc foil and silver (Ag)-coated kapton substrates 

seeded using various methods. 

Group Names of Seeded 

Samples 
Description 

ITO ZnAc 
ITO-coated PET substrate coated with zinc acetate-based 

seed solution. 

ITO ZnAc* 
ITO-coated PET substrate pre-treated with ethanol and 

then coated with zinc acetate-based seed solution. 

ITO Sp ITO-coated PET substrate sputtered with ZnO seed layer 

ITO Sp* ITO-coated PET substrate sputtered with ZnO seed layer 

ITO NP 
ITO-coated PET substrate seeded with ZnO nanoparticle 

seed solution. 

Zn NP 
Zinc foil substrate seeded with ZnO nanoparticle seed 

solution. 

Ag NP 
Ag-coated kapton polyimide substrate seeded with ZnO 

nanoparticle seed solution. 
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4.1.1. ZnO Nanorods Grown on Zinc Acetate-Based Seed Layer 

The sol-gel seed solution comprised of zinc acetate salt solution in ethanol. This 

solution was spin-deposited six times on ITO-coated PET substrate. After each step 

of spin-coating, the substrate was heated at 100°C in order to allow the zinc acetate 

salt to adhere on to the ITO surface. The seeded substrate was grouped as ITO ZnAc 

(Table 5). After six coats of the seed layer, the nanorods were grown on ITO ZnAc 

using the solution growth technique. Six synthesis for nanorods growth were carried 

out at 90 °C, using 25 mM equimolar final solution concentration of Zn(NO3)2 and 

HMT in DI water. The resulting nanorods samples were grouped as ITO ZnAc(25).  

 

 

Figure 37. (a) 187 nm wide densely packed nanorods grown on ITO substrate spin-coated with 

zinc acetate-based seed solution. (b) Uneven coverage of the seed layer on ITO forming island-

like patches where nanorods grew. 

 

The ITO ZnAc(25) nanorods samples was observed under the SEM; the nanorods 

had nucleated from island-like patches on the substrate (Figure 37(b)). This result 

indicated that the seed layer adhered only at random areas on the ITO and there were 

areas left uncovered where nanorods did not grow. The nanorods were ~187 nm in 

diameter and densely packed as shown in Figure 37(a). It was considered that the 

lack of ITO surface wettability inhibited dispersion of the seed solution, which 

reduced its coverage on the substrate. Therefore, the seed layer was cohered only to 

random island-like patched locations having higher surface energy. Hence the 

nanorods only grew on the randomly distribution island-like seed layer patches. The 

hydrophobicity of the areas surrounding the seeded patches was believed to cause the 

300 μm3 μm(a) (b)
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seed solution droplets to come into closer contact, which formed dense layers. 

Therefore, in these dense nucleation sites, the nanorods grew in a closely packed 

fashion. 

4.1.1.1. Substrate Pre-treatment with Ethanol 

For an energy harvester to function efficiently, an even coverage of ZnO nanorods 

on ITO surface was required. This required even coverage of seed layer on the 

substrate by improving ITO surface wettability. In order to improve the surface 

wettability of ITO for ethanol-based seed solution, the substrate was treated with 

ethanol and then the zinc acetate seed solution was deposited. These substrate 

samples were grouped as ITO ZnAc*. The nanorods were grown on these treated 

substrates using 25 mM equimolar final solution concentration of Zn(NO3)2 and 

HMT. Six syntheses were performed at 90 °C and the nanorods samples were 

grouped as ITO ZnAc*(25). The SEM images showed improved coverage of 

nanorods on the ITO surface. This indicated increase in ITO surface wettability due 

to ethanol treatment which therefore increased the seed layer adhesion and coverage 

(Figure 38(b)). The results were confirmed by measuring contact angles of water 

droplets on the substrates using sessile drop method (Figure 39 (a) and (b)); the 

water droplets formed angles of 78.8° and 58.7° with non-treated and ethanol-treated 

ITO substrates respectively. However, this did not fully resolve the problem, since 

there were non-seeded voids and gaps still present where nanords did not grow. In 

order to address this issue, seeding solution and deposition method were optimised 

and for this ZnO nanoparticles seed solution was developed. 
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Figure 38. Zinc acetate seed layer spin-deposition on ethanol-treated ITO substrate: (a) 

nanorods grew in densely packed fashion similar to the rods on non-treated ITO (b) The 

coverage of the seed layer on ethanol treated-ITO improved when compared to non-treated ITO 

but non-seeded voids and gaps were present. 

 

 
 

Figure 39. Contact angle of water droplets measured using sessile method: (a) 78.8° contact 

angle on non-treated ITO substrate, (b) 58.7° contact angle on ethanol-treated ITO surface 

 

4.1.2. ZnO Nanorods on Sputtered ITO 

On the sputter seeded substrates, grouped as ITO Sp (Table 5), the nanorods were 

synthesised using 25 mM equimolar concentration of aqueous Zn(NO3)2 and HMT 

solutions (Chapter 3, section 3.2.1). These nanorod samples were grouped as 

ITO Sp(25). The seed layer and synthesised nanorods were analysed using SEM. 

Figure 40(a) demonstrates the conductive ITO surface without ZnO seed layer and 

Figure 40(b) shows ITO surface coated with sputtered ZnO seed layer. The seeded 

substrate shows deposited ZnO crystals which act as nucleation sites for the growth 

of c-axis oriented ZnO nanorods. The sputtered seed layer on the ITO had covered 

300 μm

30 μm

3 μm(a) (b)

(a) (b)
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the ITO surface sufficiently and the non-seeded gaps and voids were negligible 

(Figure 41(b)).  

The nanorods grown from the sputtered ZnO seed layer ITO Sp(25), are shown in 

Figure 41. The 25° tilted top view of the 2 µm long nanorods; the hexagonally 

indexed nanorods were observed to have 70 nm diameter.  

Similar to ITO Sp, ITO Sp* seeded substrate group was also prepared. The nanorods 

on these substrates were grown using 50 mM equimolar concentration of aqueous 

Zn(NO3)2 and HMT solutions (Chapter 3, section 3.2.2). These nanorods were c-axis 

oriented having diameter of 40 nm and length of 1 μm (Figure 42). 

 

 

Figure 40. (a) Surface of ITO coated on PET substrate. (b) ZnO seed layer sputtered onto ITO.  

 

Figure 41. (a) ZnO nanorods grown on sputtered ITO-coated PET substrate using 25 mM 

precursor solution concentration. (b) 5 µm magnification image showing even coverage of 

nanorods on ITO surface.  

1 μm 1 μm(a) (b)

2 μm 5 μm(a) (b)
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Figure 42. (a) ZnO nanorods grown on sputtered ITO-coated PET substrate using 50 mM 

precursor solution concentration. (b) 10 µm magnification image showing even coverage of 

nanorods on ITO surface.  

 

4.1.3. ZnO Nanorods Grown from Nanoparticles Seed Layer 

Attempts to deposit seed layer using zinc acetate seed layer solution were 

unsuccessful because of lack of adhesion between seed solution and ITO surface. 

The approach to adhere seed solution with ITO substrate was modified and ZnO 

nanoparticle-based seed solution was considered for deposition. The zinc salt-based 

seed layer was previously spin-coated on the ITO substrate and heated to 100°C for 

adhesion. The ZnO nanoparticle-based seed solution was, however, spray-coated on 

to ITO-coated PET at 100°C to form seed layer. Being nanostructured, the surface 

energy of ZnO nanoparticles was considered to be higher than powdered zinc salt. 

Therefore, it was believed that the ZnO nanoparticles would adhere better than the 

previous zinc acetate seed solution.  

 

1 μm 10 μm(a) (b)



Nucleation and Growth of ZnO Nanorod Arrays 

81 

 

 

Figure 43. (a) Surface of ITO coated on PET substrate. (b) ZnO nanoparticle seed layer spray-

coated onto ITO.  

 

For coating a surface using spin-deposition, the surface is required to be sufficiently 

wet to allow its contact with the seed solution. Therefore, the nanoparticle seed 

solution was sprayed onto the substrate which has advantages over spin-coating 

method: the spray-coating ensures landing of seed solution from the nozzle over the 

area it is travelled on the substrate. Hence, spray-coating improved the contact of 

seed solution with the surface without any surface treatment for wettability. The 20-

step spray-deposition covered the entire 2 x 1 cm
2 

substrate with the seed layer. 

Moreover, in the spin-deposition method, the substrate was heated at 100 °C after 

each step deposition. However, in case of spray-coating, the heating of the substrate 

was performed simultaneously with spray-coating which reduced the number of 

processes.  

The ITO substrates seeded with nanoparticles seed solution were grouped as ITO NP 

(Table 5). Figure 43 (a) and (b) show non-coated ITO surface and surface of ITO 

coated with nanoparticle seed solution. The seeded ZnO crystals had sufficiently 

covered the ITO surface. However, due to manual spray-deposition, the seeded 

crystals were dense in some areas.  

The ITO NP substrates were used for the synthesis of nanorods using 50 mM 

equimolar solution concentrations of Zn(NO3)2 and HMT. The growth was carried 

out for 4 hours at 90 °C and only one synthesis was performed. The ITO samples 

prepared using this growth condition were grouped as ITO NP(50). The synthesised 

nanorods were ~1.5 µm long and ~80 nm wide (Figure 44(a)). 

1 μm 1 μm(a) (b)

300 nm
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The reason for increasing the final solution molar concentration to 50 mM and 

increasing the growth duration  to 4 hours was to fabricate micro-meter ranged 

nanorods in less than six synthesis steps. By cutting the synthesis duration shorter, 

more time was spent in analysing the seed layer issues and developing the 

nanoparticle seeding method 

Similarly, the nanoparticles-based seed solution was also coated on silver (Ag)-

coated and Zn foil substrates and the resultant substrates were grouped as Ag NP and 

Zn NP respectively (Table 5). The nanorod growth was carried out using 50 mM 

equimolar final solutions concentration of Zn(NO3)2 and HMT, for 4 hours. The 

fabricated nanorod samples on Ag and Zn substrates were grouped as Ag NP(50) and 

Zn NP(50). On the silver (Ag) substrate, ~1 µm long and ~66 nm wide nanorods 

were obtained (Figure 45(a)) and ~600 nm long and ~50 nm wide nanorods were 

grown on the Zn foil (Figure 46(a)). Figure 45(b) and Figure 46(b) shows that, the 

nanorods covered the substrate evenly and there were fewer areas with pin-holes and 

growth retardation. Hence, the spray-coated nanoparticles-based seed deposition was 

an effective method to grow evenly covered ZnO nanorods on flexible substrates, 

without requiring substrate pre-treatment. 

XRD analysis was performed on the ZnO nanorods grown on ITO, Ag and Zn and 

the indices were annotated for the wurzite ZnO structure from ICDD 36-1451. The 

results demonstrated a prominent 002 peak of ZnO, having the highest intensity and 

positioned at 34.4°. This peak confirmed the c-axis oriented vertical axis growth of 

ZnO nanorods.  
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Figure 44. (a) C-axis oriented nanroods grown from spray-coated nanoparticle seeds on ITO-

coated PET substrate. (b) 10 µm magnified image confirming the even coverage of the seed 

layer and nanorods on the substrate.  

 

 

Figure 45(a) C-axis oriented nanroods grown from spray-coated nanoparticle seeds on Ag-

coated kapton polyimide substrate. (b) 10 µm magnified image confirming the even coverage of 

the seed layer and nanorods on the substrate.  

10 μm1 μm(a) (b)

1 μm 10 μm(a) (b)
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Figure 46. (a) C-axis oriented nanroods grown from spray-coated nanoparticle seeds on Zn foil 

substrate. (b) 10 µm magnified image confirming the even coverage of the seed layer and 

nanorods on the substrate.  

 

The aspect ratio of ZnO nanorods depend on the growth parameters, seed layer 

conditions and bottom electrode lattice. To exemplify the growth parameters, let us 

take the example of 25 mM and 50 mM equimolar final solution concentrations of 

Zn(NO3)2 and HMT in this research work. In case of 25 mM solution condition, the 

syntheses were carried out six times, for 2.5 hours each to obtain 2 μm long and 

70 nm wide nanorods. However, for the case of 50 mM solution condition, the 

concentration of solution and the duration of synthesis were increased to 4 hours and 

1 μm and 40 nm wide nanorods were grown. This indicated that the rate of growth of 

ZnO nanorods was increased with the increase in precursor solution concentration 

and growth time. These results were studied in the light of research work reported by 

other authors. It was explained by Zhao et al. (2009)
6
 that, due to increase in 

precursor solution concentration, the concentration gradient between solution and 

substrate increases. As a result, there are more precursor near substrate per unit time 

and hence the diffusion rate of Zn and O from precursors to substrate increases. This 

accelerates the growth of nanorods. Similarly as reported by Guo et al. (2005)
7
, an 

increase in growth time also increases the Zn and O dissociation which increases 

ZnO growth. Hence, the growth rate of ZnO nanorods grown using 50 mM final 

concentration was higher than that of the 25 mM final concentration solution. 

 For the case of various substrates seeded with nanoparticle seed solution, such as 

ITO NP (50), Ag NP(50), Zn NP(50), the nanorods were growth under similar 

1 μm 10 μm(a) (b)
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growth conditions. However, for each substrate, the length and diameter of ZnO 

nanorods were different. This dissimilarity has been discussed by previous studies 
8–

10
 to be attributed to substrate lattice, defects and surface energy. 
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Figure 47. XRD analysis of ZnO on various substrates showing 002 peak positioned at 34.4°. 

ZnO nanorods grown on (a) ITO, (b) zinc foil and (c) Ag (silver). 
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4.2. Summary 

The surface wettability of conductive layer on the substrate and the adhesion of ZnO 

seed layer on it were the key issues which required to be addressed for seeding the 

substrates using sol-gel technique. Zinc acetate-based seed solution was spin-coated 

on the substrates but the surface of the ITO was not sufficiently wet to allow seed 

solution contact with the substrate. Consequently, the seed layer only cohered with 

random locations forming island-like patterns on ITO where ZnO nanorod arrays 

grew. Attempts were made to improve ITO surface wettability using ethanol pre-

treatment, which did not fully resolve the issue. Hence, the deposition technique and 

the seed solution were both modified to improve the coverage of ZnO on the 

substrates. ZnO nanoparticle-based seed solution was developed, which as compared 

to zinc salt-based seed solution had better adhesion properties with the substrate. 

Secondly, it was spray-coated which did not require the pre-treatment of the 

substrate to improve its wettability. Instead, the spray-coating allowed adhesion of 

seed layer on the substrate areas where the nozzle was travelled. The spray-

deposition technique was developed to allow maximum coverage of the entire 

2 x 1 cm
2
 substrate. 

The nanorods were grown from the seeded ZnO nanoparticles on ITO and Ag coated 

flexible substrates and Zn foil. 50 mM equimolar final concentration of precursor 

solution was taken for the nanorods growth for 4 hours and the results were observed 

using SEM imaging. On the ITO substrate, 1.5 µm long and 80 nm wide rods were 

grown. Similarly, on the Ag substrate 1 µm long rod with 66 nm width were 

observed and 600 nm long rods with 50 nm width were grown on the Zn foil. 

Maximum coverage of the seed layer on the substrate was obtained and the pin-holes 

were reduced.  

The ZnO nanorods were also grown on sputtered seed layer. The growth of nanorods 

was carried out using 25 mM final solution concentration of Zn(NO3)2 and HMT and 

was repeated six time to yield 2 µm long rods with 70 nm diameter. The coverage of 

the rods was even and there were negligible gaps and pin-holes which was desired 

for device fabrication. Moreover, 50 mM final solution concentration of Zn(NO3)2 

and HMT yielded 1 μm long and 40 nm wide ZnO nanorods in one synthesis for 4 

hours. 
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Hence, various seeding techniques were implemented to grow highly oriented and 

uniformly covered ZnO nanorods, of controlled length and diameter, on various 

substrate. For the development of devices, the nanorods growth obtained from spray-

coated nanoparticles as well as sputtered seed deposition were suitable. 
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5. Analysis of Mechanical and 

Electrical Performance 

Parameters of Devices 

 

For piezoelectric devices, electrical and mechanical characterisation is an important 

requirement for development of knowledge on their operation and output 

performance evaluation. The fabricated ZnO nanorods-based devices were 

mechanically displaced using a cam attached to a motor shaft and their piezoelectric 

response was recorded. For electrical output analysis, it was necessary to analyse the 

mechanical behaviour of devices when they were subjected to a particular bend-

release strain from the rotating cam. Therefore, a device’s displacement profile was 

characterised and its velocity and acceleration of motion were also calculated and 

analysed. In addition to the analysis of the device motion, interesting results related 

to strain-dependent piezoelectric behaviour of the fabricated devices were studied. 

Evaluation of ZnO nanorods-devices’ performance parameters, such as open-circuit 

voltage, short-circuit current density, power density and impedance were performed 

using measurement techniques which were standardised for microelectromechanical 

systems (MEMS) 
1
. Along with development of the measurement techniques, it was 

also necessary to analyse measured output results and device-to-device performance 

variation. In this regard, factors were studied which affect the device performance 

such as, series resistance (Rs) and shunt resistance (Rsh).  

5.1. Analysis of Electromechanical Response 

The strain-induced piezoelectric polarisation in an energy harvester was studied by 

bending a device, and simultaneously recording its displacement and open-circuit 

voltage output. The analysis of device voltage output response and its dependence on 

the subjected displacement rate were studied.  
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5.1.1. Simultaneous Voltage and Displacement Measurements 

A ZnO piezoelectric energy harvester based on PEDOT:PSS top electrode and ITO 

bottom electrode, labelled as PDOT-EM (Chapter 3, Table 3), was studied for its 

electrical response to mechanical excitation. The device was mechanically bent using 

a rotating cam set up (described in Chapter 3, section 3.6) and its z-axis displacement 

profile was measured using a MEL M5 laser triangulation sensor 
2
. Simultaneously, 

the bending-induced piezoelectric response of the device was recorded using data 

acquisition module National Instruments NI PXI-4461 (24-bit ADC) on the NI PXIe-

1062Q chassis. This concurrent recording of device’s bending profile and generated 

voltage output signal assisted in analysing the instant of output generation and its 

dependence on displacement rate. Figure 48 shows the displacement profile when 

PDOT-EM was bent and released using the cam. This profile was recorded using the 

NI PXIe-1062Q chassis on National Instruments NI PXI-4461. The highest z-axis 

displacement was ~6 mm which was attained in 0.10 seconds. After 0.125 seconds, 

the cam released the device and at 0.15 seconds it reached its initial position. 

However, due to natural resonance of the plastic base substrate, the device oscillated 

before it reached at rest at 0.275 seconds. 

The generated voltage by the PDOT-EM and its subjected mechanical excitation 

were recorded simultaneously. Figure 49 demonstrates the bend-release 

displacement simultaneous with the voltage output generation plot 
3
. As observed 

from the plot, the device generated an output pulse when it was released from ~6 mm 

2
 bending displacement at 0.125 seconds. The displacement-voltage plot in Figure 48 

was converted to strain rate-voltage plot (Figure 50) by taking time derivative of the 

displacement profile
𝜕𝑠

𝜕𝑡
. As observed from Figure 50, the device was bent at 

0.05 m/sec, which did not sufficiently excite ZnO nanorods and hence a measurable 

voltage output response was not obtained. Contrariwise, when the device was 

released, its strain rate increased until it attained a maximum of 1.5 m/sec and 

acceleration of 50 g (480 m/s
2
) 

2
, which sufficiently strained the ZnO nanorods 

causing a peak open-circuit voltage of 125 mV to be generated 
2,3

.  
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Figure 48. Displacement profile of device showing bend and release of the device by the cam 

rotating at 1 Hz 
2
.  

 

 

Figure 49. Peak open-circuit voltage of the device measured along with its displacement, 

showing generation of voltage signal when the device was released 

3
. 
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Figure 50. The displacement plot in Figure 49 was time derivated to obtain device’s velocity 

profile. When the cam released the device, its output voltage atained a peak value of 125 mV at 

a peak motion velocity of 1.5 m/sec. 

The results obtained from simultaneous displacement-voltage measurement were 

analysed in the light of piezoelectric effect and its mathematical equations. An ideal 

piezoelectric source behaves as a parallel plate capacitor in which the generated 

voltage output is directly related to the applied stress on it (Equation 3). This 

relationship is explained as below. 

In a direct piezoelectric effect, a material develops electric charge as a response to 

stress applied to it, which is given as 
4,5

: 

𝑫 = 𝜺𝐄     Equation 3 

 

D Electric Displacement 

ɛ= Dielectric constant 

E = Electric field 

The electromechanical effect of charge displacement in response to applied stress is 

given as 
4,5

: 

     𝑫 = 𝝈𝒅     Equation 4 
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D = Electric Displacement 

σ = Applied Stress 

d = Strain coefficient 

Dielectric displacement is defined as surface charge density and so Equation 2 

becomes: 

𝑸

𝑨
= 𝝈𝒅 

             
𝑪𝑽

𝑨
= 𝝈𝒅    Equation 5 

 

Hence, according to equation 3, an ideal piezoelectric source behaves as a parallel 

plate capacitor in which the generated voltage output is directly related to the applied 

stress on it. However for the case of ZnO-energy harvesters this differs because the 

device behaves as a lossy capacitor. According to Briscoe et al. (2012) 
6
, for ZnO-

energy harvesters, the voltage generation is dependent on the applied stress as well 

as the internal and external screening free charge carriers which flow due to 

semiconducting properties of ZnO. This can be explained using the screening model 

of ZnO energy harvesters: when the energy harvester is strained, the polarisation 

increases over a finite time and attains a maximum value, after which screening 

occurs. According to this theory, the attainment of maximum polarisation and its 

screening is time dependent. Therefore, if the strain rate is increased, the polarisation 

can attain its maximum at a rate faster than the screening rate. This situation 

occurred during the bend-release test when during its release, the device attained 

strain rate of 1.5 m/sec (during release at time interval 0.125 seconds). As compared 

to 0.05 m/sec strain rate when device was bent, the release rate was 30 times faster. 

As a consequence of which, the generated voltage during release motion was higher 

than the minimum voltage generated when device was bent upwards. Hence, during 

its release motion, the generated voltage from piezoelectric PDOT-EM device 

increased with increasing device strain rate. In addition, when the strain rate attained 

its maximum of 1.5 m/sec (50 g acceleration), a peak voltage of 125 mV occurred 

(Figure 50).  
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The displacement-voltage and velocity-voltage profile in Figure 49 and Figure 50 

also demonstrated that, ripple-like oscillating voltage signals were generated due to 

mechanical resonance of the plastic base substrate. The width of each oscillation was 

≈7.6 ms and therefore the oscillating frequency was ≈130 Hz. The negative half 

cycle of the primary voltage signal of 125 mV amplitude (caused by 50 g 

acceleration) was overlapped by the signals generated through these 130 Hz 

substrate vibrations. Therefore, the reverse half-cycle voltages of the devices could 

not be analysed. The device came to rest when these oscillations were decayed. 

Another interesting analysis on device voltage generation was obtained from the 

measurement in Figure 50: after the device attained a voltage peak of 125 mV at 

6.5 msec, its output voltage profile did not follow the velocity profile for the next 

4.45 msec. Subsequent to its attainment of voltage peak, the output signal falling 

edge occurred which did not follow the device velocity profile and dropped to zero 

in 0.75 milliseconds. It was believed that screening effect of piezoelectric 

polarisation caused this sudden drop in output signal’s falling edge. Screening of 

bound polarised charges in a piezoelectric material occurs due to the flow of mobile 

charges through it. The flow of mobile charges creates an electric field, called 

screening field, which opposes the electric field of polarised bound charges 
3,6

.  

The screening phenomenon in piezoelectric ZnO can be described by using a 

screening model demonstrated by Briscoe et al. (2012) 
6
 shown in Figure 51. When 

polarisation is induced in a piezoelectric material (ZnO) through the application of 

stress, an electric field called depolarisation field is developed. This field allows the 

movement of free-charge carriers, which are either within the material or enter from 

external contacts. These free-charge carriers compensate the depolarisation field and 

cause it to drop to zero. This effect is called internal screening when free-charge 

carriers present in the material compensate the depolarisation field; whereas, if free-

charges from an external contact cause this compensation then the effect is called 

external screening 
3,6–8

. In piezoelectric devices, the polarisation field is therefore 

always screened out completely within a given time. Hence, the measured 

piezoelectric voltage output was the potential difference developed within the 

duration till the depolarisation field is persisting, after which it is compensated and 

voltage output drops to zero 
6
. Hence the measured device in Figure 50, attained its 

peak voltage of 125 mV before the depolarisation was completely screened. 
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Thereafter, when the depolarisation field was compensated by free-charge carries, it 

was dropped to zero within 0.75 milliseconds. Hence for piezoelectric devices, the 

peak output voltage was not only dependent on the bending rate but also dependent 

on the screening rate.  

 

Figure 51. Screening model in a polarised piezoelectric material, showing bound charges 

screened out by the flow of mobile free-charge carriers 

6
. 

For further analysis, the voltage measurement was taken when a p-n junction device 

labelled as ‘PDOT-A4’ was bent at a higher displacement rate. For this, the rotation 

frequency of the cam was increased from 1 Hz to 2 Hz and 3 Hz and consequent 

voltage was recorded using National Instruments NI PXI-4461 (24-bit ADC) on the 

NI PXIe-1062Q chassis. Figure 52 compares the peak open-circuit voltage output 

when the cam rotating at 1 Hz, 2 Hz and 3 Hz bent and released the energy harvester. 

Due to increase in input frequency, the device bending rate was increased which also 

increased the rate at which it was released. Consequently, the peak open-circuit 

voltage of the device was increased from 90 mV at 1 Hz to 100 and 115 mV at 2 and 

3 Hz. The generated voltage cycles attained their peak voltage output and thereafter 

dropped to zero within 2 milliseconds. This phenomenon can also be explained using 

the screening model by Briscoe (2012) 
6
. When the device was bent at a higher 

frequency, the rate of charge displacement in piezoelectric ZnO increased which 

increased the depolarisation field and hence the measured piezoelectric voltage 

output was increased. However, after attaining the peak voltage value, the 
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depolarisation field was compensated by the screening field and therefore, the 

voltage peak dropped to zero.  

Hence, the results and analysis on strain rate-dependent device voltage output 

elucidated the electromechanical response of the devices and also confirmed that the 

voltage was generated when was strain-induced polarisation was developed across 

ZnO nanorods. 

 

Figure 52. Measurement of peak open circuit voltage of PDOT-A4 when bent and released by a 

cam rotating at (a) 1 Hz, (b) 2 Hz and (c) 3 Hz

2
. 
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5.2. Analysis of Electrical Parameters 

The evaluation of a device’s performance requires analysis of the electrical losses 

affecting its output, such as parasitic effects of series (Rs) and shunt resistance (Rsh). 

In this regard, ZnO nanorods-based devices were measured for their electrical output 

and the electrical losses affecting device-to-device variation in performance were 

studied in detail. For this study, twelve fabricated devices comprising of 

PEDOT:PSS top electrode and ITO bottom electrode were selected and for analysis 

they were divided into groups of four. The groups were based on device-to-device 

variations and difference in fabrication techniques. The group names and their 

devices are listed as follows: 

Table 6. Group names and electrode fabrication method (from Chapter 3) for PEDOT:PSS-

based devices, used in this chapter for analysis of electrical losses, characterisation and 

performance evaluation.   

Group 

Names 

Top Electrode 

Fabrication 

Bottom Electrode 

& Nanorod 

Fabrication 

Devices 

PDOT-2K/A † PEDOT:PSS @ 2000 rpm ITO Sp(25) 
PDOT-A1, PDOT-A2, 

PDOT-A3, PDOT-A4 

PDOT-2K/B PEDOT:PSS @ 2000 rpm ITO Sp(25) 
PDOT-B1, PDOT-B2, 

PDOT-B3 

PDOT-1K PEDOT:PSS @ 1000 rpm ITO Sp(25) 
PDOT-1K-1, PDOT-

1K-2, PDOT-1K-3 

PDOT-Shorted PEDOT:PSS @ 2000 rpm ITO Sp(25) 
PDOT-Sh-1, PDOT-

Sh-2, PDOT-Sh-3 

 

The ITO Sp(25) electrode fabrication, nanorod synthesis and PEDOT:PSS electrode 

fabrication techniques are described in section 3.1.3 and 3.2.1 of Chapter 3. 

                                                 

 

†
 The devices in groups PDOT-2K/A, PDOT-2K/B and PDOT-Shorted were 

fabricated in a similar manner. However, based on device-to-device variation in 

electrical performances, they were divided into separate groups. 
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5.2.1. Series (Rs) and Shunt Resistances (Rsh) 

The fabricated devices in groups PDOT-2K/A, PDOT-2K/B, PDOT-1K and PDOT-

Shorted were composed of n-type ZnO nanorods connected with p-type hole 

conducting polymer PEDOT:PSS 
9
 (band gap 1.5-1.6 eV) 

10
 to form a p-n junction as 

illustrated in Figure 53. The formation of p-n junction at ZnO/PEDOT:PSS interface 

has been studied previously using DC J-V (Current density-voltage) characterisation  

11
. Similarly, using Keithley 4200 source meter, J-V characterisation was carried out 

on our fabricated devices to confirm their non-linear diode behaviour.  Figure 54 

shows the J-V characteristic curve of PDOT-A2 device from -2 V to +2 V, which 

was non-linear due to its forward current increasing exponentially with the operating 

voltage 
12

. The current rectification ratio (defined as the ratio between forward 

current and reverse current) was 12 at ± 2 V 
11

. The diode turn-on voltage and the 

reverse leakage current were found to be 0.5 V and 1.3 mA cm
-2

. Thus, the rectifying 

non-linear J-V characteristic curve indicated a p-n junction between n-type ZnO 

nanorods and p-type PEDOT:PSS 
11

.  

 

 

Figure 53. Band diagram showing p-n junction formation between n-type ZnO and p-type 

PEDOT:PSS. 
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Figure 54. J-V characteristic plot of PDOT-A2 device demonstrating non-linear diode curve due 

to formation of p-n junction between ZnO and PEDOT:PSS. The inverse slope of forward bias 

and reverse bias region determines the Rs and Rsh, respectively. 

 

The benefit of using PEDOT:PSS-based p-n junction-type devices over Schottky-

type devices (with metal/ZnO contact) was described using a free charge screening 

model  by Briscoe et al. (2012) 
6
. According to this model (Figure 51), when a 

piezoelectric material is stressed, a depolarisation field is produced which is 

compensated by the movement of free-charge carriers both from within the material 

or from external contacts. The screening of polarisation is determined by the rate of 

flow of free charge carriers. In the case of a ZnO contact with p-type material or with 

metal of higher work function (> 4.26 eV), an energy barrier exists at the p-type/ZnO 

or metal/ZnO Schottky junction. This energy barrier reduces the transport of carriers 

across the junction 
13

. Hence, it assists in reducing the external screening rate. The 

external screening cannot be fully avoided, because mobile carriers tunnel through 

barriers or accumulate at junctions causing screening of polarisation charges. In 

which case, if we compare metal electrode with semiconducting PEDOT:PSS 

electrode; then the 10
22

 cm
-3 

ranged carrier concentration  of metal, compared with 

10
-19

 cm
-3

 for PEDOT:PSS, is considered to allow higher flow of free-charge carriers 

through ZnO. Hence, it was studied by that Briscoe et al. (2012) 
6
 a p-type contact 

would allow slower screening rate and improve the device voltage output.  

Device characterisation, which involves measuring its current as a function of an 

applied DC voltage, is also useful to determine its losses: for a diode, the J-V 
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characterisation is an effective way to determine series (Rs) and shunt resistances 

(Rsh). The series resistance (Rs) in heterojunction devices had been explained to be 

dependent on electrode contact resistance 
14,15

, electrode sheet resistivity 
16,17

 and 

material dimensions 
18

. The shunt resistance is related to a low resistance path in a 

device circuit which allows a flow of leakage current 
19

. It is, therefore, related with 

those parameters which cause device short circuits. These parameters include, for 

example, pinholes 
19,20

  in ZnO nanorod arrays that allow PEDOT:PSS electrode to 

come in contact with bottom electrode. Hence, techniques were implemented to 

extract the series (Rs) and shunt resistance (Rsh) from the J-V characteristic curves of 

the devices in groups PDOT-2K/A, PDOT-2K/B and PDOT-1K to determine the 

effects of losses on device performance, and to study the possible sources of losses. 

 

 

Figure 55. J-V characteristic curves of devices in groups: (a) PDOT-Shorted, (b) PDOT-2K/A, 

(c) PDOT-2K/B and (d) PDOT-1K. 

 

Figure 55 shows the J-V characteristic plots of the devices in groups PDOT-2K/A, 

PDOT-2K/B and PDOT-1K. The Rs and Rsh of the devices in these groups were 

extracted by calculating the inverse slope  

(a) (b)

(c)
(d)
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𝑅 =
𝜕V

𝜕𝐼
 of the plots in the forward and reverse biased regions, respectively (as shown 

in Figure 54): 
21

  

Table 7 shows the extracted values of the Rs and Rsh from each device. The devices 

fabricated with two layers of PEDOT:PSS, spin-coated at 2000 rpm each (groups 

PDOT-2K/A and PDOT-2K/B) had Rs in range of 0.05 – 0.17 kΩ; which was 3 - 6 

times lower than 0.34 – 0.63 kΩ ranged Rs of devices fabricated with 2 layers of 

PEDOT:PSS spin-coated at 1000 rpm each (group PDOT-1K). The reason of this Rs 

difference was linked with the thickness of PEDOT:PSS layer. Figure 56 shows the 

final thicknesses of the dried PEDOT:PSS layers spin-deposited onto the nanorods at 

1000 RPM and 2000 RPM. The final thickness of PEDOT:PSS layers deposited at 

1000 RPM was 3 µm which was three times higher than that of the PEDOT:PSS 

layers spin-coated at 2000 RPM. Due to this, the Rs of the PDOT-1K devices was 3 – 

6 times higher than that of the PDOT-2K/A and PDOT-2K/B devices. This effect can 

be further elaborated by considering the schematic of ITO/ZnO 

nanorod/PEDOT:PSS heterojunction (Figure 57), demonstrating the materials as 

connected in series. That is to say, the individual resistance offered by ITO, ZnO and 

PEDOT:PSS were arranged in series. In the case of increase in PEDOT:PSS 

thickness, the resistance R offered by the layer increased, because 𝑅 = ρ
L

A
 22

. Hence, 

it was deduced that the increase in PEDOT:PSS layer thickness increased the overall 

Rs of the device. This effect of increase in Rs due to increase in electrode thickness 

has also been demonstrated on other heterojunction-based and diode-based devices 

(e.g., solar cells) 
16,23

. It was shown by Baglio et al. (2011) 
18

, that the Rs of a solar 

cell increased 1.5 times when its top electrode thickness increased from 10 µm to 

14 µm. On another account, Góes et al. (2011) 
24

 reported that with an increase in 

electrode thickness in solar cells from 50 nm to 120 nm, the Rs of the cell increased 

by 5 times.  
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Table 7. Calculated series (Rs) and shunt (Rsh) resistances of devices in groups (a) PDOT-2K/A, 

(b) PDOT-2K/B and PDOT-1K 

Group Device Name 
Series 

Resistance 
Shunt 

Resistance 

  
Rs (kΩ) Rsh (kΩ) 

    

PDOT-2K/A 

PDOT-A1 0.17 1.65 

PDOT-A2 0.10 1.00 

PDOT-A3 0.08 0.50 

PDOT-A4 0.13 0.45 

PDOT-2K/B 

PDOT-B1 0.07 0.34 

PDOT-B2 0.09 0.33 

PDOT-B3 0.05 0.24 

PDOT-1K 

PDOT-1K-1 0.42 1.69 

PDOT-1K-2 0.63 2.30 

PDOT-1K-3 0.34 1.51 

 

 

Figure 56. Cross-section images showing PEDOT:PSS layers coated onto ZnO nanorods at (a) 

1000 RPM and forming 3 µm thick final layer (b) 2000 RPM and forming 1 µm thick final layer. 

 

In addition to the series resistance (Rs), shunt resistance (Rsh) has also been described 

as an important parameter which affects the performance of heterojunction-based 

and diode-based devices. The shunt resistance relates to a path which, if decreased in 

magnitude, allows flow of leakage current, causing loss of electrons 
25

. In ZnO 

heterojunction-based and diode-based devices, Rsh is widely studied in context to its 

effect on device performance. In addition, these research works have explained 

possible sources of lower Rsh. Berne`de et al. (2008) 
26

 reported reduction of Rsh due 

to pinholes-induced short-circuits in ZnO film in a heterojunction-based solar cell. 

4 μm 4 μm(a) (b)
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Figure 57. Schematic of ITO/ZnO/PEDOT:PSS/Au heterojunction, showing the series 

connection among the stacked materials. 

 

The fabricated devices in PDOT-2K/A, PDOT-2K/B, PDOT-1K and PDOT-Shorted 

devices were analysed for their respective Rsh and possible factors affecting Rsh were 

studied in detail. Figure 55(a) shows the J-V characteristic plot of PDOT-Shorted 

devices. The J-V relationship for these devices was linear. The reason for this 

linearity was analysed in context to explanation provided by Rockett (2007) 
27

: for 

diodes with a decrease in shunt resistance, the linearity of reverse bias current-

voltage plot increases (Figure 58(b)). In addition, in non-ideal diodes, series 

resistance 
23

 causes linearity in the forward bias region (Figure 58(a)). Hence, the 

overall effect of reduced Rsh appears as linear current-voltage relationship and it 

demonstrates the device to be more resistive than being rectifying (Figure 58). 

 

Figure 58. Non-ideal diode characteristic curve having (a) linearity in the forward bias region 

due to series resistance and (b) linearity in the reverse bias region due to shunt resistance 
27

. 

Au (gold) Electrode

PEDOT:PSS

ZnO Nanorods

PET/ITO/ZnO

RZnO

RITO

(a) (b) 
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Figure 59. SEM image of PDOT-Sh1 device showing areas of PEDOT:PSS having voids and 

gaps which caused short-circuits in the device. 

 

In heterojunction-based devices, the main cause of low shunt resistance-induced 

leakage loss is short-circuiting between top electrode and bottom electrode. The 

magnitude of leakage current flow through Rsh affects the device performance. In the 

case of PDOT-Shorted devices, the magnitude of leakage current flow was (such as, 

8 mA cm
-2

 at -2 V in PDOT-Sh1) sufficiently high to cause the device to be 

dysfunctional and the J-V characteristic plot to be linear. In PDOT-Shorted devices, 

it was considered that the heterojunction of ITO/ZnO/PEDOT:PSS/Au(gold) was 

affected by short-circuits causing contacts between: ITO and PEDOT:PSS, and ITO 

and gold. Therefore SEM analysis was performed on the PDOT-Shorted devices and 

there were voids and gaps found in the PEDOT:PSS layer. Non-uniform coverage of 

PEDOT:PSS layer formed these gaps in the polymer layer and allowed underlying 

nanorods to be exposed and caused short-circuits in the device (Figure 59).  This 

non-uniformity in polymer layer coverage was caused due to spin-deposition: the 

centrifugal forces around the edges of the substrate pulled on the PEDOT:PSS 

outward, and the attractive forces within the PEDOT:PSS pulled on the PEDOT:PSS 

near the centre of the substrate, where the centrifugal forces were smaller 
28

. This 

caused thinner layer of PEDOT:PSS near the edges of the substrate; and in some 

cases, the tips of the nanorods were not fully coated (Figure 61 and Figure 59). The 

subsequent gold electrode deposition on these non-coated nanorods caused short-

2μm
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circuited connection between the gold electrode and bottom electrode. Hence in 

PEDOT-Shorted devices under bias, the short-circuit condition shown in Figure 

60(a) caused the current to leak through a low resistance path. As a result, the J-V 

relationship of the device was linear, indicating that the device was not rectifying 

and it behaved like a resistor. 

On another account, the cause of short-circuiting has been explained to be patches, 

pin-holes in ZnO nanorod arrays. The patches and pinholes in nanorod arrays are 

areas where nanorods did not grow either due to non-adhesion of ZnO seed layer or 

growth-hindering dirt particles settled on the substrate. Therefore, nanorods arrays 

always contained pinholes and discontinuities which caused the PEDOT:PSS layer 

to directly contact the bottom ITO electrode, causing a short-circuit. Hence, it was 

believed that the Rsh of PDOT-Shorted devices were also affected by ZnO pin-holes. 

 

Figure 60. (a) Schematic showing short-circuit condition due to pin-holes, voids or gaps in 

PEDOT:PSS layer and ZnO nanorod arrays. (b) Resistive circuit model showing short-circuit 

fault (Rsh ≈0) causing output voltage to drop.  

 

For PDOT-2K/B devices, the reverse current density was in the range of 44 –

 70 mA cm
-2

, which indicated their Rsh to be lower when compared to PDOT-2K/A 

(a)

(b)

Pin-hole in ZnO
Nanorod Arrays

Short-circuiting of gold 
electrode with bottom 
electrode

Area left uncovered by 
PEDOT:PSS

PEDOT:PSS
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devices having reverse current density of 5 – 25 mA cm
-2

. The lowest reverse current 

density was 1.5 – 3 mA cm
-2

 as obtained for PDOT-1K devices. By comparing the 

reverse current densities, it was confirmed that the PDOT-2K/B devices had the 

lowest Rsh of 0.2 – 0.3 kΩ. The PDOT-2K/A devices had Rsh from 0.5 – 1.65 kΩ 

which was higher than PDOT-2K/B, but lower than PDOT-1K with Rsh from 1.5 –

 1.7 kΩ. It was indicative that among groups PDOT-2K/A, PDOT-2K/B and PDOT-

1K, PDOT-2K/B were devices most affected by short-circuits. The short-circuits had 

reduced the Rsh of PDOT-2K/B devices but, their Rsh was not as low as the PDOT-

Shorted devices, indicating their lesser short-circuits than PDOT-Shorted. As a 

consequence of lesser short-circuits the PDOT-2K/B had rectification ratios of 4-5 in 

their J-V characteristic curves. 

In order to investigate the causes of short-circuits in devices, PDOT-2K/A, PDOT-

2K/B, PDOT-1K devices were observed under the SEM. It was found that due to 

spin-deposition, the PDOT-2K/B and PDOT-2K/A devices had PEDOT:PSS layers 

around the substrate edges to be thinner than the substrate centre. Therefore, it had 

left the nanorods uncoated in areas near the edges and caused short-circuits when 

gold electrode was sputtered on them. It was believed that thinner PEDOT:PSS 

layers around the edges had also reduced the overall Rs of PDOT-2K/B devices to 

0.04 – 0.09 kΩ when compared with 0.08 – 0.17 kΩ for PDOT-2K/A devices. In 

addition to the non-coated nanorods, another source of short-circuits were the 

homogenously nucleated microrods in the growth solution of Zn(NO3)2 and HMT 
29

. 

These microrods were randomly grown in the solution and they were longer than 5-

6 µm. They adhered with the non-homogenously nucleated nanorods because of high 

surface energy. During nanorods synthesis, the substrates were rinsed with DI water 

to get rid of adhered microrods. However, were not cleaned and the PEDOT:PSS 

layer, being 1 µm thick, did not coat these microrods (Figure 62(b)). Consequently, 

they caused short-circuits in the device.  
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Figure 61. SEM image showing the thickness of PEDOT:PSS near the edges of the substrate to 

be as low as 300 nm – 500 nm. 

 

 

Figure 62. (a) Insufficient PEDOT:PSS layer thickness causing underlying nanorods to be 

exposed, (b) Homogeneously nucleated ZnO microrods settled on the surface of heterogeneously 

nucleated nanorods during synthesis. These microrods are 5 – 10 µm long and 2-4 µm wide, due 

to which they are not fully coated by 1 µm thick PEDOT:PSS layer. 

 

Another source of shorts in the devices was linked with peeling off of PEDOT:PSS 

during gold deposition. The gold sputter deposition took place under 0.1 mbar 

vacuum conditions, which often caused patches of ZnO/PEDOT:PSS to crack and 

peel off and allowed the gold electrode to short-circuit with the bottom ITO 

electrode (Figure 64). Thus, the electrical parameters such as Rs and Rsh of the 

PEDOT:PSS-based devices were affected by lossy short-circuits. Although the 

PDOT-2K/A, PDOT-2K/B and PDOT-Shorted devices were fabricated using the 

same experimental conditions and methodology; but due to sample-to-sample 

4 μm 4 μm(a) (b)

5μm 50μm(a) (b)
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variations they had different ranges of Rs and Rsh and therefore, they were divided 

into separate groups.  

 

 

Figure 63. SEM image of PEDOT:PSS coated on nanorods at 2000 RPM and 1000 RPM. (a) 

PDOT-B3 device having microrods and ZnO residue not coated sufficiently by 1 μm thick 

PEDOT:PSS coated at 2000 RPM. (b) PDOT-1K device having lesser exposed microrods and 

ZnO residue than PDOT-B3. This demonstrated that 3 μm PEDOT:PSS coating at 1000 RPM 

had better coverage of the non-homogenously nucleated matter. 

 

It was considered that due to lesser occurrences of short-circuits caused by better 

PEDOT:PSS coverage, the PDOT-2K/A devices had higher Rsh higher than the 

PDOT-2K/B devices. Nevertheless, the highest Rsh was obtained for PDOT-1K 

devices, which was in the range of 1.5 – 1.7 kΩ. The PEDOT:PSS coatings in these 

devices were observed under the SEM and they were found to have higher nanorod-

tip coverage than the PDOT-2K/A and PDOT-2K/B devices. The coat thickness was 

sufficient around the substrate edges, where the centrifugal forces caused by spin-

coating were high. It was, therefore, attributed to the 1000 RPM spinning of 

PEDOT:PSS which ensured a thicker coating on top of the nanorods, causing the 

PEDOT:PSS gaps and device short-circuits to be lower than the devices coated with 

PEDOT:PSS at 2000 RPM. Hence, the increased thickness of PEDOT:PSS layer 

caused the Rsh to increase and therefore, the PEDOT:PSS thickness and Rsh can be 

said to be correlated.  

100 μm

PEDOT:PSS

(b)

100 μm

PEDOT:PSS

Microrods

(a)

ZnO residue or agglomerated 
microrods

GOLD
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Figure 64. Cracking-off of PEDOT:PSS layer during gold sputtering process in vacuum. 

 

To sum up, when compared with PDOT-2K/A and PDOT-2K/B devices, the PDOT-

1K devices with PEDOT:PSS thickness of 3 µm had the highest Rs and Rsh of 0.3 –

 0.6 kΩ and 1.5 – 1.7 kΩ, respectively. The increased Rs was linked with 3 times 

thicker PEDOT:PSS layer than in PDOT-2K/A and PDOT-2K/B  devices. The 

PDOT-2K/A devices had the Rs and Rsh of 0.08 – 0.17 kΩ and 0.5 – 1.65 kΩ, which 

was intermediate between PDOT-2K/B and PDOT-1K devices. This was linked with 

1 µm thick PEDOT:PSS layer, which had reduced the overall Rs. However in these 

devices, coating of nanorod-tips near substrate edges was insufficient which reduced 

the Rsh and caused short-circuits. For PDOT-2K/B, the fabrication conditions and 

methodology were similar to the PDOT-2K/A devices but, due to sample-to-sample 

variations, these devices had lower Rsh from 0.2 – 0.3 kΩ caused by higher 

occurrences of short-circuits. Similarly, the PDOT-Shorted devices were also 

fabricated using similar methodology as PDOT-2K/A and PDOT-2K/B but, the 

occurrences of short-circuits in these devices were the highest which caused the 

highest leakage current flow (8 mA cm
-2

 at -2 V) and linear J-V characteristic plot. 

5.3. Analysis of Electrical Output 

Evaluation of Rs and Rsh of the p-n junction-type devices provided an insight on 

connection discrepancies in a stacked heterojunction of 

ITO/ZnO/PEDOT:PSS/Au(gold). Moreover, it provided an understanding of 

parasitic losses in devices and their possible sources. Further to Rs and Rsh analysis, 

100 μm
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output characterisation of devices were carried out using: open-circuit voltage 

measurement (Voc), short-circuit current measurement (Isc), power density 

calculation (PL) and impedance analysis in order to investigate the effects of losses 

on the p-n junction-type device performance parameters. The output performance of 

devices in groups PDOT-2K/A, PDOT-2K/B and PDOT-1K were measured as 

shown in Figure 65 and Figure 66. All output measurements were performed when 

devices were mechanically excited using a 1 Hz rotating cam connected to shaft of a 

motor. Each device was clamped to a sample holder and its one end was fixed. The 

cam bent the subject device upward to ~6 mm and released at 50 g acceleration. At 

this acceleration, each device generated output response which was captured using 

NI PXI-4461 (24-bit ADC) on the NI PXIe-1062Q chassis. The open-circuit voltage 

output peaks of the device were directly recorded using NI PXI-4461 (24-bit ADC) 

on the NI PXIe-1062Q chassis, which was operated through Labview program. 

Similarly, a Low-Noise Current Preamplifier SR570 was connected with the NI PXI-

4461 (24-bit ADC) module and operated by a Labview program to record the short-

circuit current density peaks. The terminals of the device were connected in parallel 

to a resistive decade box, Meatest M602 programmable decade box, which was 

connected with the PXI-4461 module for data acquisition. A Labview program 

controlled the resistive sweep of the decade box and also recorded the output of the 

device across the sweep of load resistance.  

For devices in groups PDOT-2K/B, the short-circuit measurement were carried out 

by capturing voltage signal across 50 Ω and 100 Ω resistors due to unavailability of 

Low-Noise Current Preamplifier SR570. In case of PDOT-1K devices, due to 

unavailability of Meatest M602 programmable decade box and Low-Noise Current 

Preamplifier SR570, the resistive load matching was performed manually using 

breadboards and ceramic resistors. The wired contacts of device labelled PDOT-A3 

device were broken during bend-release measurements for short-circuit current 

density and resistive load matching, therefore, this device was only used for the 

analysis of open-circuit voltage. 

The impedance analysis of devices was performed from 40 Hz – 110 MHz at 

oscillator level of 500 mV using Agilent 4294a Precision Impedance Analyzer. 

Short-circuit and open-circuit compensation was performed prior to all 

measurements.  
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5.3.1. Peak Open-Circuit Voltage (Voc) and Peak Short-Circuit 

Current Density (Jsc) 

The peak open-circuit voltage (Voc) of a device is the voltage generated when a load 

is not connected across it and hence no current is drawn from the device. In group 

PDOT-2K/A, the PDOT-A1, PDOT-A2 devices having the highest shunt resistance, 

generated Voc of 225 mV and 212 mV; which was two times higher than the 98 mV 

and 90 mV generated by the PDOT-A3 and PDOT-A4 devices (Table 10). The Rsh 

for both PDOT-A3 and PDOT-A4 was 0.5 kΩ, whereas the PDOT-A1 and PDOT-

A2 devices had Rsh of 1 kΩ and 1.65 kΩ. The effect of Rsh on Voc of electronic 

devices has been studied extensively 
30–32

. Basically, the shunt resistance represents a 

path through which current flows under an applied electric field, in the absence of 

stress-induced electric field. Due to its characteristics of leakage resistance, shunt 

resistance is represented as a parallel resistor in electrical circuits 
30,31

. In Figure 60, 

the electrical model of ZnO-piezoelectric energy harvester is presented having the 

shunt resistance Rsh in parallel to the piezoelectric voltage source (Vpiezo). Ideally, a 

short-circuit fault arises when Rsh≈0, which causes the voltage across Rsh to be 

Vsh≈0. Consequently, infinite (ideally, Ish  ∝) current flows through the Rsh and the 

potential difference across the device drops 
30,33

. Hence, low shunt resistance causes 

the potential difference between device terminals to drop; and in case of devices in 

group PDOT-2K/A, the PDOT-A3 and PDOT-A4 having lower shunt resistance than 

the PDOT-A1 and PDOT-A2,  generated twice as low Voc. Similarly, the PDOT-

B1and PDOT-B2 and PDOT-B3 devices, having Rsh of 0.34 kΩ, 0.33 kΩ and 

0.23 kΩ,  generated Voc of 60 mV, 56 mV and 22 mV, which were 5 – 10 times 

lower than the PDOT-A1 device with 1.65 kΩ Rsh. Hence, the parasitic effect of 

reduced Rsh decreased the Voc of energy harvesters.  

Being of dielectric nature, piezoelectric materials are widely analogised with a 

capacitor or a capacitive voltage source 
34

. As defined by Fischer-Cripps (2012)
35

, a 

piezoelectric material provides an electric output due to relative displacement in the 

negative and positive charges. Thus, charge displacement causes a potential 

difference to develop across the piezoelectric material which drives a current through 

a device. Current output of a piezoelectric device, therefore, depends on the 

magnitude of voltage generated by its piezoelectric source material. However, 
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studies on electronic devices have shown that current output also depends on the 

series resistance Rs of devices. It was reported extensively for ZnO nanorod-based 

solar cells that increased Rs caused the Jsc of device to decrease and therefore it 

reduced the overall efficiency of the system 
36–38

. 

 

Table 8. Peak open-circuit voltage and short-circuit current density of fabricated devices. 

Device 
Name 

Peak Open-Circuit 
Voltage 

Peak Short-
Circuit Current 

Density 
Remarks 

 
Voc (mV) Jsc (mA/cm2)  

PDOT-A1 225 0.800 Measured 

PDOT-A2 212 0.715 Measured 

PDOT-A3 98 - Device Broken 

PDOT-A4 90 0.600 Measured 

PDOT-B1 60 0.830 Calculated across 100 Ω 

PDOT-B2 56 0.706 Calculated across 50 Ω 

PDOT-B3 22 0.493 Calculated across 100 Ω 

PDOT-1K-1 38 0.027 Calculated across 1 kΩ 

PDOT-1K-2 36 0.016 Calculated across 1 kΩ 

PDOT-1K-3 40 - Not Performed 

 

In the presented case of fabricated p-n junction devices, PDOT-A1, A2, A3 

generated peak current densities (Jsc) of 0.8 m Acm
-2

, 0.7 m Acm
-2

, 0.6 m Acm
-2

. 

However the PDOT-B1 and B2  devices, whose Voc was 4-5 times lower than the 

PDOT-A1 and A2 devices, produced Jsc of 0.8 and 0.7mA cm
-2

; which was similar in 

magnitude as that of the PDOT-A1 and A2 devices (Table 10). The device PDOT-B3 

generated the lowest Jsc of 0.5 mA cm
-2

 and device PDOT-A4 was excluded from 

this discussion because of its disintegration during bend-release measurement for Jsc 

and power density. Unlike their Voc, the Jsc of PDOT-2K/A devices was not higher 

than that of the PDOT-B1 and B2 devices. For understanding the magnitudes of Jsc 

in PDOT-2K/A and PDOT-2K/B devices, here we consider devices’ Rs and Rsh and 

their dependence on PEDOT:PSS thickness and coverage. As explained above, the 

thinner and insufficient PEDOT:PSS coverage near the device edges caused the 

overall Rs of PDOT-2K/A (Rs: 0.08 – 0.17 kΩ) and PDOT-2K/B devices (Rs: 0.04 – 

0.09 kΩ) to reduce. Additionally, the occurrence of short-circuits in PDOT-2K/B 

devices was higher and their Rs was one order of magnitude lower than the PDOT-

2K/A devices. This indicated that PDOT-2K/B devices had more areas of lower 

PEDOT:PSS coverage which reduced their overall Rs. Hence, it was considered that 
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the drop of current across Rs of PDOT-2K/B devices was lower than that of the 

PDOT-2K/A devices. To elaborate, we use the Ohm’s law 
39

 according to which, the 

magnitude of current has been defined to depend on the resistance through which it 

flows (𝐼 =
𝑉

𝑅
)  

39
; therefore, it was considered that the magnitude of current dropped 

across 0.07 – 0.086 kΩ Rs of PDOT-B1 and B2 was lower when compared to the 

current dropped across 0.12 – 0.17 kΩ Rs of PDOT-2K/A devices. Therefore, 

although the PDOT-A1, A2 devices generated 4-5 times higher Voc than the PDOT-

B1 and B2 devices but, their voltage-driven current was dropped across Rs which 

was one order of magnitude higher than that of PDOT-2K/B. Consequently, the 

measured Jsc of PDOT-2K/A devices, unlike their Voc, was not higher than Jsc of 

PDOT-B1 and B2. For PDOT-B1 and B2 devices, the Jsc was 0.83 mA cm
-2

 and 

0.71 mA cm
-2

, and for B3 device it was the lowest 0.5 mA cm
-2 

because it generated 

the lowest Voc of 22 mV (Table 10).   

In addition to decrease in Jsc, further effects of Rs have been studied extensively in 

ZnO nanorod-based sensing and photovoltaic devices and reportedly 
15,40–42

, an 

increase in Rs increases the I
2
Rs

15
 power losses which decreases power density and 

Voc. Therefore for the presented work, the effects of Rs were studied in context of 

Voc in piezoelectric energy harvesters. Table 7 shows that, when in the range of 

0.05 – 0.1 kΩ for PDOT-2K/A and B devices, the effect of Rs on device Voc was not 

pronounced; instead the Rsh had prominently affected the device Voc. However, for 

PDOT-1K devices with Rs in the ranges of 0.4 – 0.6 kΩ, the Voc was measured to be 

in the range of 30 – 40 mV which was 6 – 10 times lower than the PDOT-A1 device. 

In addition, their current densities measured across 1 kΩ resistor were also two 

orders of magnitude lower than the Jsc of PDOT-2K/A and PDOT-2K/B devices; 

which indicated that the overall Jsc of PDOT-1K devices was dropped across Rs. 

Hence, this effect of decrease in Voc and Jsc in devices having 6 – 8 times higher Rs 

can be described as I
2
Rs power dissipation (heat loss) across the series resistance. To 

elaborate, we consider the Kirchoff’s Voltage Law 
43

 which states that, in a series 

resistive circuit the sum of voltage drop across each resistance is equal to the supply 

voltage 
43

. However, it is known that resistance causes heat dissipation and therefore 

if Rs is increased then conduction loss (heat dissipation) increase 
44

, which causes the 

current across Rs to decrease, causing the Voc. Thus, it was inferred that Voc and 

current density of PDOT-1K devices was one and two orders of magnitude lower 



Analysis of Mechanical and Electrical Performance Parameters  
 

115 

 

than the PDOT-2K/A and PDOT-2K/B devices, which was attributed to their 6 – 8 

times higher Rs (Table 8).  

 

 

Figure 65. Measured peak open-circuit voltage plots of devices in groups: (a) PDOT-2K/A, (b) 

PDOT-2K/B and (c) PDOT-1K. 

(a) (b)

(c)
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Figure 66. Measured peak short-circuit current plots of devices in groups PDOT-2K/A. 

 

5.3.2. Peak Power Delivered to the Load (PL) and Electrical 

Impedance Spectroscopy 

Resistive load matching was performed to analyse maximum peak-power densities 

(PL) delivered by the p-n junction type devices in PDOT-2K/A, PDOT-2K/B and 

PDOT-1K to their respective optimum load resistances.  For each device, peak-

voltage output across a sweep of resistive loads from 50 Ω to 100 kΩ were recorded 

and power delivered to each load resistance was calculated. The power delivered to a 

resistive load is defined as a product of voltage and current across it: 

𝑷 = 𝑽𝑰    Equation 6 

According to Ohm’s Law, 

𝑰 =  
𝑽

𝑹
     Equation 7 
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Therefore, after substituting Equation 8 in Equation 9, the power delivered to a resistive load 

becomes: 

𝑷 =  
𝑽𝟐

𝑹
   Equation 10 

 

Table 9. Peak power density, optimum load and resistive impedance of fabricated devices. 

Device 
Name 

Peak Power Density Load Resistance 
Real 

Impedance 

 
PL (µW/cm2) RL (kΩ) Rint (kΩ) 

PDOT-A1 54 2.019 2 

 
Decade Box 

  
PDOT-A2 41.07 1.387 1.28 

 
Decade Box 

  
PDOT-A3 - - 0.857 

 
Device Broken Device Broken 

 
PDOT-A4 36.01 1.387 0.974 

 
Decade Box 

  
PDOT-B1 16.45 0.827 0.664 

 
Decade Box 

  
PDOT-B2 12.62 0.603 0.6 

 
Decade Box 

  
PDOT-B3 2.4 0.493 - 

 
Decade Box 

 
Not Performed 

PDOT-1K-1 0.20 - 0.25 2kΩ < Load < 5kΩ - 

 
Manual 

 
Not Performed 

PDOT-1K-2 0.22- 0.25 3kΩ < Load < 6kΩ - 

 
Manual 

 
Not Performed 

PDOT-1K-3 - - - 

 
Not Performed Not Performed Not Performed 

 

Hence, for a sweep of resistances, the peak-voltage drop V across each resistor R was 

used to calculate the peak-power density delivered. Figure 67 demonstrates the 

resistive load matching plot for all fabricated devices. For devices in group PDOT-

1K, the Rs loss induced reduction in Voc and Jsc had caused the calculated PL of 

0.20 – 0.25 µW cm
-2

 to be two orders of magnitude lower than the other device 

groups. Due to high Rs, their optimum load resistance (RL) was in the range of 2 –

 6 kΩ. The calculated PL for PDOT-A1, A2, A4 devices were 54 µW cm
-2

, 

41 µW cm
-2

 and 36 µW cm
-2

 across optimum load resistances of 2.02 kΩ, 1.4 kΩ 

and 1.4 kΩ; whereas the calculated PL for PDOT-B1, B2 and B3 devices were 

16.45 µW cm
-2

, 12.62 µW cm
-2

 and 2.4 µW cm
-2

 across optimum load resistances of 

0.83 kΩ, 0.6 kΩ and 0.5 kΩ. The reason behind improved PL for PDOT-2K/A 

devices when compared to that of PDOT-2K/B devices was attributed to their 5 – 10 

times higher Voc, caused by higher Rsh. It was also observed for PDOT-2K/A and 
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PDOT-2K/B that, with the increase in power density (PL) the optimum load 

resistance (RL) of devices was also increased. However, in case of PDOT-1K 

devices, the optimum load resistance was the highest (2 – 5 kΩ) but the PL, in the 

range of 0.20 – 0.25 µW cm
-2

, was the lowest (Table 9). Reportedly, this effect was 

related to the internal impedance 
39

 of devices and in order to understand it, 

impedance analysis was performed.  

Impedance analysis results were represented as Nyquist plots and devices’ internal 

resistance was obtained from the real-axis diameter of these plots 
2,3,45

. The resistive 

internal impedance (Rint) values of the devices in groups PDOT-2K/A and PDOT-

2K/B were observed to be close to the device optimum load resistance (RL)  (Table 

10). This satisfied the maximum power transfer theorem 
39

; which states that, the 

maximum power transfer occurs when the impedance of a connected load is equal to 

the internal impedance of the source. Therefore, as per the theorem, the Rint was 

associated with the RL across which maximum power was transferred by the devices. 

As described above, the increase in PL was linked with the increase in optimum load 

resistance of devices. This was caused due to increase in Rint of devices. In case of 

devices with highest PL (PDOT-2K/A devices), increase in Rint and RL was most 

preferably caused by the increase in Rsh. However in case of PDOT-1K devices, the  

RL was increased to the highest value of 2 – 5 kΩ. This was considered to be 

increased by the increase in Rs, which had increased the RL, and assumably the Rint. 

as well. Hence, the voltage and current output of these devices were dropped across 

the Rs losses and consequently the PL was also decreased. 
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Figure 67. Resistive load matching plots for devices in groups: (a) PDOT-2K/A, (b) PDOT-2K/B 

and (c) PDOT-1K. 

 

(a) (b)

(c)

Load Point
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Figure 68. Impedance plots for devices in groups PDOT-2K/A. 

 

 

(a)

(b)

(c)
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Figure 69. Impedance plots for devices in groups PDOT-2K/B. 

 

5.3.3. Energy Delivered (EL) to the Load 

The resistive load matching of the energy harvester assisted in calculating maximum 

peak power density across an optimum load resistance. However, the power 

delivered to the load was dependent on the strain rate, since the maximum peak 

output voltage can be increased by increasing the strain rate. Therefore, a more 

reliable way to estimate device performance was to calculate the power delivered to 

the load over the period of peak voltage cycle. Thus, the output voltage cycle across 

the optimum load was recorded (Figure 71) and the power delivered to the load was 

integrated over the period of voltage cycle t1 to t2, to obtain the energy delivered to 

the load, given by:  

(a)

(b)
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𝑬 =  ∫
𝑽(𝒕)𝟐

𝑹

𝒕𝟐

𝒕𝟏
𝒅𝒕    Equation 11 

Owing to its highest Voc and Jsc output, the energy delivered to the load resistance by 

the PDOT-A1 devices was 37 nJ cm
-2

, which was also the highest when compared to 

all other devices. PDOT-A2 device delivered 22 nJ cm
-2

 whereas, PDOT-B1 and B2 

devices delivered 2.47 and 2.5 nJ cm
-2

. Similar to Voc, Jsc and PL, the energy 

delivered across load resistance was also affected by the parasitic effects (Table 10).  

 

 

Figure 70. Device PDOT-A4 output voltage cycle measured across its optimum load. 

 

t1 t2
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Figure 71. Measured voltage across optimum load (RL) for devices in groups: (a) PDOT-2K/A, 

(b) PDOT-2K/B. 

 

5.3.4. Charge Transferred (QL) to the Load 

The analysis of the charge displaced is useful in estimating the charge delivered to a 

storage medium (e.g. battery) over a duration of time. In this analysis, the current 

delivered to the optimum load was integrated over the cycle period t1 to t2, to obtain 

charge transferred to the load, given by: 

𝑸 =  ∫ 𝑰
𝒕𝟐

𝒕𝟏
𝒅𝒕 =  ∫

𝑽

𝑹

𝒕𝟐

𝒕𝟏
𝒅𝒕               Equation 12 

 

Similar as the energy delivered to load, the charge displaced across load resistor was 

also affected by the device parasitic parameters such as Rs and Rsh. Therefore, the 

highest charge across load resistor was displaced by PDOT-A1 device, which was 

247 nC cm
-2

. In addition, PDOT-A2 and PDOT-A3 devices displaced 236 and 

178.85 nC cm
-2

. The PDOT-B1 and PDOT-B2 devices had about 1.5 – 2 times lower 

charge displacement results, which were 178.85 and 140.63 nC cm
-2 

(Table 10).

(a) (b)

Time (sec)
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Table 10. Overall performance parameters of all the fabricated devices in groups: PDOT-2K/A and PDOT 2K/B.  

 

  

Device 
Name 

Peak Open-
Circuit 
Voltage 

Peak Short-Circuit 
Current Density 

Peak Power 
Density 

Load Resistance 
Energy 
Density 

Charge 
Displaced 

Series 
Resistan

ce 

Shunt 
Resistance 

Real Impedance 

 
Voc (mV) Jsc (mA/cm2) PL (µW/cm2) RL (kΩ) EL (nJ/cm2) QL (nC/cm2) Rs (kΩ) Rsh (kΩ) Rint (kΩ) 

  
Measured/Calculated 

Manual/Decade 

Box      
Performed/Not Performed 

          
PDOT-A1 225 0.800 54 2.019 37 355 0.172 1.650 2.00 

REMARKS 
 

Measured Decade Box 
      

          
PDOT-A2 212 0.715 41.07 1.387 22 236 0.100 1.00 1.28 

REMARKS 
 

Measured Decade Box 
      

          
PDOT-A3 98 - - - - - 0.081 0.50 0.857 

REMARKS 
 

Device Broken Device Broken Device Broken Device Broken Device Broken 
   

          
PDOT-A4 90 0.600 36.01 1.387 5.19 173.85 0.126 0.45 0.974 

REMARKS 
 

Measured Decade Box 
      

          
PDOT-B1 60 0.830 16.45 0.827 2.5 158 0.073 0.34 0.664 

REMARKS 
 

Calculated across 100 Ω Device Broken 
      

          
PDOT-B2 56 0.706 12.62 0.603 2.47 140.63 0.086 0.33 0.600 

REMARKS 
 

Calculated across 50 Ω Device Broken 
      

          
PDOT-B3 22 0.493 2.4 0.493 0.82 155.15 0.049 0.24 - 

REMARKS 
 

Calculated across 100 Ω Device Broken 
     

Not Performed 
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Table 11. Overall performance parameters of all the fabricated devices in group PDOT-1K.  

 

 

 

 

Device Name 
Peak Open-

Circuit Voltage 
Peak Short-Circuit 

Current Density 
Peak Power 

Density 
Load 

Resistance 
Energy 
Density 

Charge 
Displaced 

Series 
Resistance 

Shunt 
Resistance 

Real Impedance 

 
Voc (mV) Jsc (mA/cm2) PL (µW/cm2) RL (kΩ) EL (nJ/cm2) QL (nC/cm2) Rs (kΩ) Rsh (kΩ) Rint (kΩ) 

  
Measured/Calculated 

Manual/Decade 

Box      
Performed/Not Performed 

          
PDOT-1K-1 38 0.027 0.20 - 0.25 2kΩ < Load < 

5kΩ 

- - 0.422 1.69 - 

REMARKS 
 

Calculated across 1 kΩ Manual 
    

Not Performed 

          
PDOT-1K-2 36 0.016 0.22- 0.25 3kΩ < Load < 

6kΩ 

- - 0.627 2.30 - 

REMARKS 
 

Calculated across 1 kΩ Manual 
    

Not Performed 

          

PDOT-1K-3 40 - - - - - 0.341 1.51 - 

REMARKS 
        

Not Performed 
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5.4. Repeatability of Device Output and Long-term Stability 

5.4.1. Measurement Repeatability 

During bend-release measurement, the devices were subjected to stable and 

repeatable mechanical stress. The consequent device voltage generation was 

also repeatable, stable and reliable. The measurements of all devices were 

performed over a number of mechanical cycles and the output voltage and 

current peaks were observed for their repeatability. For an instance, the 

measurement repeatability of Voc of a PEDOT:PSS-based CuSCN-20-1 

device is shown in Figure 72. The output was measured over 10 cycles of 

bend-release test and the device demonstrated stable Voc generation 
3
. 

 

 

Figure 72. peak open-circuit voltage output of PEDOT:PSS-based device named CuSCN-20-1, 

recorded for 10 cycles of mechanical excitation 3. 

 

5.4.1. Long-term Stability  

The long-term performance stability was studied for a PDOT-A4 device. The 

resistive load matching curves are presented in Figure 73 which demonstrates the 

variation in device PL across optimum resistive load (RL) over a period of 40 days. 

An initial measurement was carried out after fabrication and the calculated peak 

power density of 35 µWcm
-2 

was
 
obtained. The device was stored and measured in 
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the similar way after an interval of 30 days and the observed performance did not 

vary significantly. However, after another 10 days (total 40 days), the performance 

of the device degraded and its peak power density reduced from 35 µWcm
-2

 to 

20 µWcm
-2

. This was linked to the environmental degradation effects on the 

PEDOT:PSS top layer and ZnO nanorods. This problem can be resolved by 

encapsulating the device using flexible polymer layer 
3
.  

 

 

Figure 73. Long-term performance stability test on PDOT-A4 device
3
. 
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5.5. Summary 

The measurement and characterisation techniques discussed in this chapter were 

important development steps in the field of ZnO energy harvesters. Previous research 

on this topic from 2006-2012 was focussed on the device fabrication techniques and 

optimisation to obtain increase in peak open-circuit voltage output. However, it was 

necessary to establish a fundamental understanding of the electrical and mechanical 

properties of these devices, in order to carry out its performance evaluation.  

The device bend-release displacement profile provided an insight on its 

electromechanical behaviour, such as dependency of piezoelectric output on the 

strain rate. Further to this, the piezoelectric nature of the device output was 

confirmed by the displacement rate-dependent voltage output. Hence, it was 

confirmed that the electromechanical piezoelectric device was reliable and stable in 

output performance. 

The electrical analysis provided a detailed insight on the dependence of devices’ 

performance on its Rs and Rsh. Four groups of samples, each having devices of a 

certain range of Rs and Rsh were evaluated and analysed for their electrical 

performance. It was concluded that the most efficient devices in group PDOT-2K/A 

had Rs and Rsh of 0.08 – 0.17 kΩ and 0.5 – 1.65 kΩ, which were higher than the 

PDOT-2K/B devices but lower than the PDOT-1K devices. The PDOT-2K/B, 

affected by lower Rsh 0.2 – 0.3 kΩ, generated Voc from 22 – 60 mV; whereas, the 

PDOT-1K devices, affected by their higher Rs 0.3 – 0.6 k, generated Voc of 33 –

 40 mV. Due to this, the power densities (PL) of these devices were significantly 

dropped. In case of PDOT-2K/A devices, the Rsh was sufficiently high to allow less 

occurrences of short-circuits and Rs losses did not significantly affect the output of 

devices. Therefore, these devices had the peak power densities across load (PL) of 

36 - 54 µW cm
-2

, which was higher than 2.5 – 16 µW cm
-2 

generated by
 
PDOT-2K/B 

and 0.2 – 0.25 µW cm
-2

 generated by PDOT-1K.    

In previous work on ZnO energy harvesters 
46

, the energy harvester peak open-

circuit voltage output and peak short-circuit current density were measured and 

multiplied to calculate the peak power density. However, from the discussion 

presented in this chapter, it is clear that the power is delivered to a load and 
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therefore, the calculation using voltage and current density across unloaded energy 

harvester was not appropriate. Similarly, the analysis of the voltage cycle provided 

energy density and charge transfer to an optimum load over a time duration. Further 

to this, the impedance analysis of the device is an essential tool to understand it as an 

electrical circuit, to examine its electrical behaviour as a parallel RC system and to 

determine its time constant. In later chapters, the impedance analysis facilitated in 

expanding the concept on internal screening of polarisation charges in ZnO 

nanorods. 
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6. Effects of Electrode Materials 

on Device Performance 

  

The simplest assembly of a piezoelectric energy harvester comprises of the 

piezoelectric material, whether thin film, bulk or nanostructured, sandwiched 

between two electrodes. The electrodes connected to the base and tips of ZnO 

nanorods are commonly termed as “bottom electrode” and “top electrode”, 

respectively. They serve as the terminals across which potential difference is created. 

Prototypes of energy harvesters were made by varying the top and bottom electrodes 

and their performances were evaluated and analyses was performed based on their 

differences in mechanical to electrical energy conversion.  

The device electrodes play an important role in affecting the piezoelectric 

polarisation, this phenomenon has been commonly explained as external screening 

effect 
1
. In previous chapter, devices were studied which had their performance 

affected by the presence of ITO bottom electrode. In this chapter, two more bottom 

electrodes comprising of silver (Ag) and zinc were chosen and incorporated into 

devices. The performance of all device types was evaluated and through appropriate 

comparison, the screening effect of electrode on device performance was studied. 

The top electrode materials most commonly used since 2011 
2
 were insulators called 

poly(methyl methacrylate) PMMA and poly(dimethylsiloxane) PDMS 
3
. 

PEDOT:PSS was the p-type polymer which was first used in 2012 
1
 as a 

semiconducting top electrode for ZnO-based piezoelectric energy harvester. 

Research on PMMA-based and PEDOT:PSS-based devices had established that 

external screening effects are minimum in both types of electrodes.  

However, a suitable analysis was necessary to understand the fundamental 

differences between electrodes with different conductivities. Therefore, in order to 

bridge this gap, this report compares the electromechanical performance of 

PEDOT:PSS-based devices with the electromechanical response of PMMA-based 



Effects of Electrode Materials on Device Performance 
 

134 

 

devices. In this way, an interesting analysis was performed on the effects of top 

electrode external screening on the performance parameters of ZnO-based 

piezoelectric energy harvesters. It was observed that, the energy delivered to an 

external load is not only affected by screening losses but also by the internal 

impedance of the energy harvester.  

6.1. Effects of Bottom Electrode Materials  

In Chapter 5, ITO-based bottom electrode devices PDOT-2K/A and PDOT-2K/B 

were observed to have Rs in the range of 0.05-0.2 kΩ (Table 7). The motivation was 

to further reduce the Rs, so that the I
2
Rs losses of the devices reduce. Therefore, 

metal electrodes were chosen because of their lower sheet resistivity than ITO. In 

addition to reduction in Rs, our aim was to obtain an Ohmic contact (Figure 74(b)) 

between the bottom electrode and ZnO; because, the Ohmic contact was considered 

to be least resistance path for electron conduction 
4
 which would reduce device 

losses. To accomplish this, the electrode material work function (ϕM) was either 

required to be lower than or equal to ZnO. In the presented case, electrode materials 

with work function closest to ZnO (4.2 eV) were chosen: silver (Ag) of 4.26 
5
  and 

Zn metal foil of 4.3 
6
 eV. These materials were assumed to mitigate energy barrier at 

ZnO/electrode interface, which would otherwise be formed if ZnO contacted a metal 

with higher work function (Schottky Contact) (Figure 74(a)).  

 

  

Figure 74. (a) Schottky contact between n-type semiconductor and metal when work function of 

metal (ϕM) is higher than work function of semiconductor (ϕS). (b) Proposed Ohmic contact 

between Zn metal and ZnO, when Zn of marginally higher ϕM  of 4.3 eV ϕM is contacted with 

ZnO having 4.2 eV ϕM .  
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Schottky contact based energy harvesters were previously described to cause high 

external screening 
1,7

. In Schottky contacts, ZnO is commonly interfaced with metal 

such as Pt and Au, which have higher work function than ZnO. This causes Schottky 

barrier formation, because Fermi energies must become the same when two materials 

of dissimilar free energies are contacted 
8,9

 (Figure 74(a)).  Let us take an example of 

a device with Au bottom electrode forming a Schottky contact with ZnO. It was 

considered that, when ZnO is polarised, the depleted region in the Schottky barrier 

allows electrons from Au to accumulate at the ZnO/Au interface and eventually 

tunnel through the barrier. These accumulated and mobile charges from the external 

contacts cause screening of the polarisation charges in ZnO 
1
. Thus, an Ohmic 

contact between ZnO and bottom electrode was considered for study in terms of 

series losses as well as screening losses. 

In the presented chapter, the bottom electrodes Ag and ZnO were compared with 

ITO which has a work function of 4.6 eV. The device group with Ag electrode were 

called PDOT-Ag and the same with Zn metal were called PDOT-Zn. 
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Table 12. Calculated series (Rs) and shunt (Rsh) resistances of devices in groups (a) PDOT-2K/A, 

(b) PDOT-2K/B and PDOT-1K 

Group Device Name Series Resistance Shunt Resistance 

  
kΩ kΩ 

PDOT-2K/A 

PDOT-A1 0.17 1.65 

PDOT-A2 0.10 1.00 

PDOT-A3 0.08 0.50 

PDOT-A4 0.13 0.45 

PDOT-2K/B 

PDOT-B1 0.07 0.34 

PDOT-B2 0.09 0.33 

PDOT-B3 0.05 0.24 

 

6.1.1. Overview of Device types based on Bottom Electrode 

Materials  

Three types of bottom electrodes were analysed in terms of their performance in 

ZnO-based energy harvesters. All devices had common top electrode which was 

fabricated with PEDOT:PSS. PDOT-2K/A, PDOT-Sm were devices based on ITO 

bottom electrode, whereas, PDOT-Ag and PDOT-Zn were based on Ag (silver) and 

Zn bottom electrodes. To study the effects of varying bottom electrode materials, all 

devices were fabricated using similar methods and conditions. The fabrication 

methods of these devices were discussed in detail in the experimental and 

methodology chapter (Chapter 3) and is additionally summarised in Table 13. 
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Table 13. Group names and electrode fabrication method (from Chapter 3) for the ITO, zinc 

and silver based device used for the analysis of bottom electrode screening effects.   

Group 

Names 

Top Electrode 

Fabrication 

Bottom Electrode & 

Nanorod Fabrication 
Devices 

PDOT-Sm PEDOT:PSS @ 2000 rpm ITO Sp*(50) 

PDOT-Sm1, 

PDOT-Sm-2 

PDOT-Ag PEDOT:PSS @ 2000 rpm Ag NP(50) 

PDOT-Ag-1, 

PDOT-Ag-2, 

PDOT-Ag-3 

PDOT-Zn PEDOT:PSS @ 2000 rpm Zn NP(50) 

PDOT-Zn-1, 

PDOT-Zn-2, 

PDOT-Zn-3 

 

6.1.1.1. ITO-based Devices 

These devices were based on ZnO nanorods grown on ITO bottom electrode. The 

nanorods were 1 µm long and 40 nm wide (ITO Sp*(50)) as shown in Figure 75. 

Figure 76 shows the JV characteristic curve of the PDOT-Sm devices from -2 V to 

+2 V, which was non-linear due to its forward current increasing exponentially with 

the operating voltage 
10

. The current rectification ratio (defined as the ratio between 

forward current and reverse current) was 5 and 2 for PDOT-Sm-1 and Sm-2 

respectively at ± 2 V 
11

. The diode turn-on voltages were found to be 0.6 V and 

0.8 V for PDOT-Sm-1 and Sm-2. Thus, the rectifying non-linear J-V characteristic 

curve indicated a p-n junction between n-type ZnO nanorods and p-type 

PEDOT:PSS 
11

.  
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Figure 75. SEM images of nanorods grown on ITO: (a) Cross-section view, (b) top view. 

 

 

Figure 76. J-V characteristic curve of PDOT-Sm devices. Inset: JV curve of PDOT-Sm-2, for 

clarity. 

 

A corner on the edge of the PDOT-Sm-2 device substrate was flicked with finger and 

its voltage response (inset of Figure 77) to mechanical vibration was recorded using 

an oscilloscope. Thereafter, both PDOT-Sm1 and PDOT-Sm2 were mechanically 

excited using a 1 Hz rotating cam connected to shaft of a motor. Each device was 

clamped to a sample holder and its one end was fixed. The cam bent the subject 

device upward to ~6 mm and released at 50 g acceleration. At this acceleration, each 

device generated output response which was captured using NI PXI-4461 (24-bit 

2μm 1μm(a) (b)
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ADC) on the NI PXIe-1062Q chassis. The open-circuit voltage output peaks of the 

device were directly recorded using NI PXI-4461 (24-bit ADC) on the NI PXIe-

1062Q chassis, which was operated through Labview program. 

Peak open-circuit voltage output (Voc) obtained for PDOT-Sm-1 and Sm-2 were 

65 V and 60 mV respectively. When compared with PDOT-2K/A devices, which 

generated 90 – 225 mV (Table 14), the PDOT-Sm devices generated lower voltages 

in the range of 50 – 65 mV. It was because these devices were fabricated with 

1 µm long and 40 nm wide nanorods and that the PDOT-2K/A devices were 

fabricated with 2 µm long and 70 nm wide nanorods. For longer piezoelectric 

nanorods, as in case of PDOT-2K/A, bending radius of the nanorods was greater 

than PDOT-Sm devices. Hence, it was considered that their bending displacement 

for given strain was higher. Since, the piezoelectric response depends on the 

displacement of source material, therefore the higher bending displacement in 

PDOT-2K/A devices’ nanorods increased their voltage output. 
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Figure 77. Open-Circuit voltage output of PDOT-Sm devices. 

 

Table 14. Comparison between PDOT-2K/A and PDOT-Sm devices. 

Device Name 
Peak Open-Circuit 

Voltage 
Voc (mV) 

PDOT-Sm-1 65 

PDOT-Sm-2 60 

PDOT-A1 225 

PDOT-A2 212 

PDOT-A3 98 

PDOT-A4 90 
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6.1.1.2. Ag-based Devices 

 

Figure 78. SEM images of nanorods grown on Ag electrode: (a) Cross-section view, (b) top view. 

 

For the PDOT-Ag devices, the nanorods were grown on Ag-coated kapton 

substrates. They were 1 µm and 66 nm wide as shown in Figure 78. These devices 

had a problem of adhesion between ZnO nanorods and Ag (Silver). Therefore, when 

PEDOT:PSS was coated on the tip of the rods and dried at 100 °C then for most of 

the samples, the ZnO nanorods delaminated from the Ag substrate. This was due to 

weaker bonding between Ag and ZnO seed layer. Resultantly, when PEDOT:PSS 

expanded upon drying then the surface-induced stress caused the nanorods to 

delaminate from their roots (Figure 79). Some of the devices which were 

successfully coated with PEDOT:PSS encountered further problems during gold 

sputter coating. At low sputtering pressure (0.1 mbar), patches of ZnO/PEDOT:PSS 

peeled off and the devices had short-circuit paths between Au (gold) and Ag (silver). 

As explained by Mittal (2005) 
12

, adhesion between two surfaces results from 

mechanical, chemical and electrostatic contributions. For two materials to bond, their 

surface micro-roughness plays an essential role in their mechanical interlocking. In 

addition, it also depends on the chemical interaction between materials; for instance, 

Chromium forms metal-organo compounds with polyimide and immediately bonds 

with it upon deposition 
12

. For the presented case of ZnO seed layer and silver (Ag), 

it was established that the surface smoothness of silver (Ag) was not suitable to 

allow its adhesion with ZnO seed layer. Hence, the ZnO seed layer delamination 

occurred frequently during fabrication procedures. 

2μm 1μm(a) (b)
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Therefore, the JV characteristic curve of the PDOT-Ag devices showed an Ohmic 

response, and the forward current to reverse current ratio was ≈1.  

 

Figure 79. Delamination of ZnO nanorods from Ag electrode due to insufficient adhesion 

between electrode and ZnO seed layer. 

 

 

Figure 80. (a) J-V characteristic curve of PDOT-Ag devices. (b) J-V characteristic curve of 

PDOT-Ag-1, plotted to highlight the non-linear curves. 

 

A corner on the edge of base substrate of these devices was flicked with fingers for 

mechanical vibration. However, they did not generate a voltage signal. The reason 

100 μm 10 μm(a) (b)
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for this discrepancy was studied in the light of devices’ parasitic effects and 

explained later in section 6.2 of this chapter. 

6.1.1.3. Zn-based Devices 

Similar to Ag (silver) and ITO substrates, the ZnO nanorods grown on zinc foil 

nanorods were also fabricated into a device. These nanorods were 600 nm long and 

80 nm wide (Figure 81). The J-V characteristic curve demonstrated rectifying 

current-voltage relationship with estimated series and shunt resistance of 0.028 – 

0.185 kΩ 0.128 – 0.156 kΩ (Figure 82). The devices PDOT-Zn-1 and Zn-2 had 

series resistance two orders of magnitude lower than the PDOT-2K/A devices due to 

5 orders of magnitude lower sheet resistance of zinc foil substrate. 

 

 

Figure 81. SEM images of nanorods grown on Zinc metal electrode: (a) Cross-section view, (b) 

top view. 

 

 

 

2μm 1μm(a) (b)
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Figure 82. J-V characteristic curves of PDOT-Zn devices. 

 

The PDOT-Zn devices were connected across oscilloscope to test their voltage 

output response to mechanical excitation. For a quick observation, the device was 

flicked with fingers and it did not provide any measurable voltage response. Since, 

the oscilloscope had the minimum detection threshold of 2 mV per division 
13

; 

therefore, it was assumed that the device output was not sufficient to be measured. 

Hence, the device peak open-circuit voltage output was measured using Keithley 

2400 source meter unit, which can detect minimum voltage of ±1 µV 
14

. Corners on 

the edges of devices’ base substrates were flicked manually, and the peak-open 

circuit voltage of the device was measured (Figure 83, Table 15). Since the devices 

were flicked manually, the bending strain was not controlled and therefore each flick 

bent them differently. Hence, each flick generated different amplitude of Voc. For 

each device, the highest measured Voc from 5 to 6 flicks was considered for analysis 

(Table 15). Among the three devices, PDOT-Zn-1 generated the highest Voc of 

200 μV. This voltage output was three orders of magnitude lower than the PDOT-Sm 

devices. However, it should also be noted that during measurement, the strain 

applied on the PDOT-Zn devices was different from the PDOT-Sm devices. The 

PDOT-Zn was flicked using fingers and PDOT-Sm devices were measured on the 

50 g source bend-released equipment. But, it has been observed that by flicking the 

PDOT-Sm devices, as shown in the inset of Figure 77, the generated voltage of 
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40 mV was only marginally lower than the 50 g excitation of rotating cam. Hence, 

the PDOT-Zn devices’ output measured by flicking the devices can be relied for 

comparison with ITO device output measured on the 50 g source bend-release 

measurement equipment. 

 

 

Figure 83. Open-circuit voltage output of PDOT-Zn devices. 
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Table 15. Calculated Rs and Rsh and measured Voc of PDOT-Zn devices. 

 
 

 

6.2. Comparative Analysis on the Bottom Electrode Materials 

From the presented results of PDOT-Sm, PDOT-Ag and PDOT-Zn devices, it was 

observed that only two types of devices, PDOT-Zn and PDOT-Sm, generated desired 

piezoelectric response of voltage output to subjected mechanical excitation. For the 

case of PDOT-Ag devices, the J-V relationship was different from PDOT-Sm and 

PDOT-Zn devices. Firstly, PDOT-Ag’s J-V relationship was studied. It was 

observed to be Ohmic response with rectification ratio of 1 (Figure 80(b)). The 

Ohmic response was caused by short-circuits in the device. These short-circuits were 

not completely avoidable in devices with material layers stacked over interspaced 

ZnO nanorod arrays. Some of the reasons for device short-circuits, as discussed 

earlier, were voids and pinholes in ZnO nanorod arrays which allowed PEDOT:PSS 

to come in contact with bottom electrode. In addition, uneven coverage of 

PEDOT:PSS exposed nanorod tips in areas where PEDOT:PSS coverage was low; 

this caused a short-circuit connection of ITO/ZnO/Au (gold). In case of PDOT-Ag 

devices, the short-circuits were majorly caused by delamination of ZnO nanorods, 

due to lack of sufficient bonding strength between Ag and ZnO nanorods. It was 

considered that ZnO delamination caused voids and gaps in the nanorod arrays 

(Figure 79) which allowed top electrode PEDOT:PSS to contact bottom Ag electrode 

and cause short-circuits, Therefore, when compared with PDOT-2K/A and PDOT-

Sm, the lowered shunt resistance of the devices caused their malfunctioning.   

For the case of PDOT-Zn devices, the JV relationship showed non-linear diode 

response. However, the highest generated voltage by these devices, being 200 µV for 

PDOT-Zn-1, was 300 times lower than that of the PDOT-Sm devices. The reason 

was studied firstly in the light of Rs and Rsh of the devices. The devices had their Rsh 

Group Device 
Name 

Series 
Resistanc

e 

Shunt 
Resistance 

Peak Open-
Circuit Voltage 

  kΩ kΩ μV 

PDOT-Zn 
PDOT-Zn-1 0.028 0.128 200 

PDOT-Zn-2 0.037 0.0749 20 

PDOT-Zn-3 0.185 0.156 57 
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in the range of 0.07 – 0.15 kΩ which was one to two order of magnitude lower than 

ITO devices. But, the lowered Rsh was not considered to be the cause of two orders 

of magnitude lower Voc. The sheet resistivity of Zn foil was calculated to be 

0.6 mΩ/sq, which was 5 orders of magnitude lower than ITO’s 60 Ω/sq sheet 

resistivity. This caused the overall device internal impedance to reduce and hence the 

Rsh of the device reduced. Additionally, the PDOT-Zn devices showed non-linear 

diode behaviour in the J-V characterisation, which indicated that the device was not 

majorly affected by drop in Rsh induced by short-circuits.  

Hence, the two orders of magnitude lower voltage output of PDOT-Zn foil was 

studied considering external screening effects of the bottom electrode. For this 

analysis, the band diagrams of ITO/ZnO (Figure 84) and Zn/ZnO (Figure 85) 

junction were hypothesised. Due to work function of 4.6 eV, the ITO was considered 

to form Schottky junction with ZnO (Figure 84(a). Contrariwise, because of 4.3 eV 

of Zn and 4.26 eV of ZnO, the Zn/ZnO contact was considered to be Ohmic (Figure 

85(a)).  

In the case of ITO/ZnO, when ZnO was polarised under strain, a depolarisation field 

(Edep) was developed, which allowed movement of internal free-charge carriers 

(Figure 84(b)). Moreover, the charges from ITO contact were accumulated near the 

depleted region of the ITO/ZnO junction. It was also considered that, mobile charges 

from ITO also tunnelled through the barrier and flowed through ZnO (Figure 84(b)). 

The accumulated charges at the interface and also the mobile charges which flowed 

through ZnO caused screening of polarisation charges ((Figure 84(c)). Similarly for 

Zn/ZnO contact, when ZnO was polarised under strain, the charges from Zn did not 

encounter a barrier at interface (Figure 85(b)). Therefore, they flowed easily into 

ZnO and caused screening of polarisation charges (Figure 85(c)). Because of lack of 

barrier between Zn/ZnO, the charges flowed more conveniently from Zn to ZnO than 

from ITO to ZnO. Additionally, the carrier concentration of metal Zn is considered 

to be greater than 10
22

 cm
-3

; whereas for ITO which is an n-type semiconductor, the 

carrier concentration has been reported to be in the order of 10
18

 cm
-3

 
15

. Therefore, 

compared with ITO, the rate of flow of carriers through ZnO from higher carrier 

concentration Zn was considered to be more enhanced. Hence, due to lack of barrier 

and high carrier concentration, the Zn contact was believed to exhibit higher rate of 
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external screening of polarisation charges than ITO. Due to which, the Voc of PDOT-

Zn devices was two orders of magnitude lower than that of PDOT-Sm. 

To conclude, the external screening effect of Zn foil electrode and the enhanced 

short-circuits in silver (Ag)-based devices did not allow the PDOT-Zn and PDOT-

Ag devices to generate appreciable voltage output. Hence, the performance 

evaluation of the PDOT-Sm, PDOT-Zn and PDOT-Ag devices ascertained ITO to be 

a favourable electrode for ZnO-based piezoelectric energy harvester. Therefore, ITO 

was selected as a bench mark for further studies and for the fabrication of devices for 

all other analysis such as, top electrode study and ZnO surface passivation.  

 

 

 

Figure 84. (a) Schottky contact between ITO and ZnO, having an Schottky barrier (ϕB) at the 

interface. (b) Polarised ZnO under strain, causing depolarisation field (Edep) to develop and 

allow free-charge carriers to flow from within material and from the ITO contact. (c) The 

negative polarisation charges completely screening by the external and internal screening effect. 
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Figure 85. (a) Ohmic contact between Zn and ZnO, causing no energy barrier at the interface. 

(b) Polarised ZnO under strain, causing depolarisation field (Edep) to develop and allow free-

charge carriers from within material and from the ITO contact to flow. (c) The negative 

polarisation charges completely screening by the external and internal screening effect. 

 

 

6.3. Effects of Top Electrode Materials 

6.3.1. Overview of Device types based on Electrode Materials  

As stated previously, electrode materials play a significant role in ZnO-based 

piezoelectric energy harvester performance, since they serve as terminals across 

which potential difference is created. An earlier study on bottom electrode materials 

elaborated effects of external screening on device performance and necessity of 

Schottky barrier to avoid screening of polarisation charges by interfacial charges. In 

addition to analysis of bottom electrode materials, study was carried out to 

understand the role of top electrode materials in the device performance. In this 

regard, the PEDOT:PSS (top electrode)  and ITO (bottom electrode) based PDOT-
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2K/A devices were observed and compared with PMMA (top electrode) and ITO 

(bottom electrode) based PMA-2K and PMA-3K devices. 

6.3.1.1. Insulating Top electrodes 

In 2011 
2
, PMMA was introduced as an insulating top electrode for ZnO-based 

energy harvester fabrication (Figure 86(a)). The main reason behind this was to 

mitigate the interfacial charge accumulation at ZnO/top electrode interface, which 

occurs when the electrode is conductive (Figure 86(b)). Therefore, the effects of 

external screening were reduced and the peak open-circuit voltage (Voc) was 

improved 
7
. This comparison of screening effects between insulator-type and 

Schottky-type device is further explained here using the hypothesised band diagrams 

in Figure 86. A Schottky-type contact between ZnO and gold electrode creates 

energy barrier and a depleted region in ZnO near ZnO/Au interface. When ZnO is 

polarised under strain (Figure 86(b)), the internal free-charge carriers (carriers within 

ZnO) flow toward the Au contact. Contrariwise, the free-charge carriers are attracted 

toward the depleted region in ZnO and accumulate at the ZnO/Au interface. These 

accumulated charges from Au, as well as the internally flowing carriers screen the 

polarisation charges in ZnO.  

On the contrary, if insulating electrode, PMMA, is sandwiched between gold 

electrode and ZnO, an insulating barrier causes mitigation of interfacial charge 

accumulation at PMMA/ZnO. Therefore, the screening is considered to be caused by 

only the internal flow of charges. Hence, it was believed that the rate of screening of 

polarisation charges will be reduced for PMMA. 

 

 

Figure 86. (a) Au/PMMA/ZnO metal-insulator semiconductor heterojunction. (b) Au/ZnO 

Schottky junction. 
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6.3.1.1. Semiconducting Top electrodes 

The investigation of electrode material for ZnO-based energy harvester improvement 

was further expanded in 2012, when semiconductor PEDOT:PSS was used as a top 

electrode for ZnO-based piezoelectric energy harvester 
1
. Similar to insulating top 

electrode, the concept behind using a semiconducting top electrode was also related 

with reducing its external screening effects. The p-type PEDOT:PSS material in 

contact with n-type ZnO, was reported to form a p-n junction with a depletion region 

1,11
. The formation of depletion region was an essential element which acted as a 

barrier between p-type (free holes of PEDOT:PSS) and n-type material (free 

electrons of ZnO) (Figure 87). It was considered that compared with metal/n-type 

Schottky contact, a p-n junction material would reduce external screening effect. 

Because, PEDOT:PSS having carrier concentration (10
19 

cm
-3

) lower than that of 

metal (>10
22

cm
-3

), it will cause lesser movement of charges near the ZnO/top 

electrode interface. Hence, reportedly 
1
, the p-n junction device configuration 

reduced the external screening effects in the devices. 

 

 

Figure 87. p-n junction between ZnO and PEDOT:PSS showing depletion region. 

 

In order to compare the effects of insulating and semiconducting top electrodes on 

external screening of polarisation charges in ZnO-based energy harvester, it was 
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necessary to compare devices made with two top electrodes: PEDOT:PSS and 

PMMA. For this, devices were prepared using PEDOT:PSS and PMMA electrodes; 

in terms of fabrication, the only difference between the two types of devices lied in 

the manufacture of the top electrode. The rest of the processes related to nanorod 

synthesis, connecting the electrodes and mounting the device on base substrate were 

kept constant. In addition to this, the conditions for measurement and 

characterisation for both device types were kept constant. The PMMA devices were 

a heterojunction of ITO/ZnO nanorods/PMMA/Au(gold) and the same for 

PEDOT:PSS devices was ITO/ZnO nanorods/PEDOT:PSS/Au(gold). The devices 

prepared using PMMA as top electrode were grouped as PMA-2K and PMA-3K and 

devices prepared with PEDOT:PSS were grouped as PDOT-2K/A, PDOT-2K/B and 

PDOT-1K. The results of the PEDOT:PSS-based devices were previously presented 

in Chapter 5 and used here for comparison with PMMA-based devices. The devices 

with their respective groups and electrode fabrication methods are listed in Table 16. 

 

Table 16. Group names and names of devices used for analysis on top electrode materials. 

Group 

Names 

Top Electrode 

Fabrication 

Bottom Electrode & 

Nanorods 

Fabrication 

Devices 

PDOT-2K/A 
PEDOT:PSS @ 2000 

rpm 
ITO Sp(25) 

PDOT-A1, PDOT-A2, 

PDOT-A3, PDOT-A4 

PDOT-2K/B 
PEDOT:PSS @ 2000 

rpm 
ITO Sp(25) 

PDOT-B1, PDOT-B2, 

PDOT-B3 

PDOT-1K 
PEDOT:PSS @ 1000 

rpm 
ITO Sp(25) 

PDOT-1K-1, PDOT-1K-

2, PDOT-1K-3 

PMA-2K PMMA @ 2000 rpm ITO Sp(25) 

PMA-2K-1, PMA-2K-2, 

PMA-2K-3 

PMA-3K PMMA @ 3000 rpm ITO Sp(25) 

PMA-3K-1, PMA-3K-2, 

PMA-3K-3 
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6.3.2. PEDOT:PSS-based p-n Junction-type Devices 

This type of device comprised of spin-coated p-type PEDOT:PSS polymer layer on 

top of the n-type ZnO nanorod arrays, thus forming a p-n junction diode with 

PEDOT:PSS/ZnO. Flexibility of polymer-type electrode facilitated device bend-

release measurements without forming cracks. Figure 88 shows 1 μm thick 

PEDOT:PSS layer coated on top of 2 μm long nanorods. PEDOT:PSS is a 

conjugated organic semiconducting polymer, having a carrier concentration of 

10
19

 cm
-3 1

. The benefit of using PEDOT:PSS-based p-n junction-type devices over 

Schottky-type (higher work function metal contact) devices was described by 

Briscoe et al. (2012)
1
 using a free charge screening model. According to this model, 

when a piezoelectric material is stressed, a depolarisation field arises which is 

compensated by the movement of free-charge carriers both from within the material 

or from external contacts 
1
. The rate of flow of free charge carriers determines the 

screening rate. In the case of ZnO contact with p-type material or metal with higher 

work function (> 4.26 eV), an energy barrier exists at the p-type/ZnO or metal/ZnO 

junction which assists in reducing the rate of flow of carriers from external contacts 

into ZnO. Hence, it assists in reducing the external screening rate. However, external 

screening cannot be fully mitigated, because mobile carriers tunnel through barriers 

or accumulate at junctions causing screening of polarisation charges. In which case, 

if we compare any metallic electrode with PEDOT:PSS electrode; then the 10
22

 cm
-3 

ranged carrier concentration  of metal, compared with 10
-19

 cm
-3

 for PEDOT:PSS, is 

considered to allow higher flow of free-charge carriers through ZnO. Hence, it was 

established that a p-type contact would slow the screening process down and 

improve the device voltage output.  

6.3.2.1. Electrical Characterisation and Performance 

Parameters 

PEDOT:PSS-based devices have been analysed as devices with p-n junction between 

PEDOT:PSS and ZnO. Here we refer to the important findings in Chapter 5 based on 

the results of PDOT-2K/A, PDOT-2K/B and PDOT-1K devices and summarise 

them. 
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Figure 88. SEM image of 1 µm PEDOT:PSS layer coated on top of nanorods. (b) Schematic of 

ITO/ZnO/PEDOT:PSS/Au heterojunction

 
1
. 

 

 

Figure 89. J-V characteristics curve of PDOT-2K/A devices 

 

To elaborate the p-n junction between PEDOT:PSS and ZnO, Figure 89 shows the J-

V characteristic curve of PDOT-2K/A devices from -2 V to +2 V, which were non-

linear due to their forward current increasing exponentially with the operating 

voltage 
10

. The current rectification ratios (defined as the ratio between forward 

current and reverse current) were 12, 12, 5 and 5 respectively at ± 2 V for PDOT-A1, 

A2, A3 and A4
11

. The diode turn-on voltage was in the range of 0.3 – 0.5 V. Thus, 

the rectifying non-linear J-V characteristic curve indicated a p-n junction between n-

type ZnO nanorods and p-type PEDOT:PSS 
11

. Figure 88 shows the SEM image of 

1 µm

(a) (b)
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the 1 µm thick PEDOT:PSS layer settled on top of the nanorods from the tips of the 

rods to a depth of 250 nm. 

The DC J-V electrical characterisation had enabled to calculate the Rs and Rsh of 

devices in PDOT-2K/A, PDOT-2K/B and PDOT-1K groups. Further, the evaluation 

of output parameters of the devices was carried out by measuring device peak open-

circuit voltage (Voc), peak short-circuit current (Jsc) under unloaded device 

conditions. Moreover, the PL of the devices was measured using resistive load 

matching across a sweep of resistances from 100 Ω to 100 kΩ. The device was bent 

6 mm upwards by a rotating cam at 1 Hz and all measurements were recorded when 

it was released at an acceleration of 50 g. The impedance analysis on devices was 

performed from 40 Hz to 110 MHz input frequency and the results were converted 

into Nyquist plots to determine the real-axis based resistive internal impedance (Rint). 

The performance parameters of the PDOT-2K/A, PDOT-2K/B and PDOT-1K 

devices were understood in the light of the parasitic effects of the Rs and Rsh on 

device performance. It was concluded that the most efficient devices in group 

PDOT-2K/A, with Voc from 90 mV – 225 mV, had Rs and Rsh of 0.08 – 0.17 kΩ and 

0.5 – 1.65 kΩ (Table 17), which were higher than the PDOT-2K/B devices but lower 

than the PDOT-1K devices. The PDOT-2K/B, affected by lower Rsh 0.2 – 0.3 kΩ, 

generated Voc from 22 – 60 mV (Table 17); whereas, the PDOT-1K devices, affected 

by their higher Rs 0.3 – 0.6 k, generated Voc of 33 – 40 mV (Table 18). Due to this, 

the power densities (PL) of PDOT-2K/B and PDOT-1K devices were significantly 

dropped. In case of PDOT-2K/A devices, the Rsh was sufficiently high due to less 

occurrences of short-circuits and Rs losses did not significantly affect the output of 

devices. Therefore, these devices had the peak power densities across load (PL) of 

36 - 54 µW cm
-2

, which was higher than 2.5 – 16 µW cm
-2 

generated by
 
PDOT-2K/B 

and 0.2 – 0.25 µW cm
-2

 generated by PDOT-1K.  The impedance analysis was 

performed on the p-n junction type device to evaluate its internal resistance, which 

were in the range of 0.6 kΩ - 2 kΩ. 
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Figure 90. Measured peak open-circuit voltage plots of devices in groups: (a) PDOT-2K/A, (b) 

PDOT-2K/B and (c) PDOT-1K. 

Figures from Chapter 5. 

 

 

(a) (b)

(c)
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Figure 91. Measured peak short-circuit current plots of devices in groups: (a) PDOT-2K/A. 

Figure from Chapter 5. 
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Table 17. Performance parameters of PDOT-2K/A and PDOT-2K/B devices from Chapter 5. 

 
 

 

 

 

 

 

 

 
 

Device 
Name 

Peak Open-
Circuit 
Voltage 

Peak Short-Circuit 
Current Density 

Peak Power 
Density 

Load Resistance 
Energy 
Density 

Charge 
Displaced 

Series 
Resistan

ce 

Shunt 
Resistance 

Real Impedance 

 
Voc (mV) Jsc (mA/cm2) PL (µW/cm2) RL (kΩ) EL (nJ/cm2) QL (nC/cm2) Rs (kΩ) Rsh (kΩ) Rint (kΩ) 

  
Measured/Calculated 

Manual/Decade 

Box      
Performed/Not Performed 

          
PDOT-A1 225 0.800 54 2.019 37 355 0.172 1.650 2.00 

REMARKS 
 

Measured Decade Box 
      

          
PDOT-A2 212 0.715 41.07 1.387 22 236 0.100 1.00 1.28 

REMARKS 
 

Measured Decade Box 
      

          
PDOT-A3 98 - - - - - 0.081 0.50 0.857 

REMARKS 
 

Device Broken Device Broken Device Broken Device Broken Device Broken 
   

          
PDOT-A4 90 0.600 36.01 1.387 5.19 173.85 0.126 0.45 0.974 

REMARKS 
 

Measured Decade Box 
      

          
PDOT-B1 60 0.830 16.45 0.827 2.5 158 0.073 0.34 0.664 

REMARKS 
 

Calculated across 100 Ω Device Broken 
      

          
PDOT-B2 56 0.706 12.62 0.603 2.47 140.63 0.086 0.33 0.600 

REMARKS 
 

Calculated across 50 Ω Device Broken 
      

          
PDOT-B3 22 0.493 2.4 0.493 0.82 155.15 0.049 0.24 - 

REMARKS 
 

Calculated across 100 Ω Device Broken 
     

Not Performed 
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Table 18. Performance parameters of PDOT-1K devices from Chapter 5. 

  

 

Device Name 
Peak Open-

Circuit Voltage 
Peak Short-Circuit 

Current Density 
Peak Power 

Density 
Load 

Resistance 
Energy 
Density 

Charge 
Displaced 

Series 
Resistance 

Shunt 
Resistance 

Real Impedance 

 
Voc (mV) Jsc (mA/cm2) PL (µW/cm2) RL (kΩ) EL (nJ/cm2) QL (nC/cm2) Rs (kΩ) Rsh (kΩ) Rint (kΩ) 

  
Measured/Calculated 

Manual/Decade 

Box      
Performed/Not Performed 

          
PDOT-1K-1 38 0.027 0.20 - 0.25 2kΩ < Load < 

5kΩ 

- - 0.422 1.69 - 

REMARKS 
 

Calculated across 1 kΩ Manual 
    

Not Performed 

          
PDOT-1K-2 36 0.016 0.22- 0.25 3kΩ < Load < 

6kΩ 

- - 0.627 2.30 - 

REMARKS 
 

Calculated across 1 kΩ Manual 
    

Not Performed 

          

PDOT-1K-3 40 - - - - - 0.341 1.51 - 

REMARKS 
        

Not Performed 
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6.3.3. PMMA-based Insulator-type Device 

This device was composed of a PMMA layer on top of the ZnO nanorods forming an 

insulator-semiconductor junction. The importance of this system lied in having an 

insulating PMMA electrode between gold and ZnO. Therefore, when in ideal contact 

with ZnO, PMMA would not allow band bending and reduce interfacial charges at 

ZnO/insulator and gold/insulator interface. However, in real systems, the presence of 

interface states at ZnO surface does not fully reduce interfacial band bending. It was 

also considered that, when ZnO and metal were connected with an external 

measurement system, their intermediate PMMA layer would not allow electric field 

to affect the band bending in ZnO. Hence, this metal-insulator-semiconductor (MIS) 

configuration was believed to reduce the carrier transport between ZnO and gold 

electrode, causing minimisation of the external screening effects. Devices in groups 

PMA-2K and PMA-3K were studied and analysed for their performances. In PMA-

2K device, two layers of PMMA was spin-coated on top of nanorods at 2000 rpm 

whereas the same was done at 3000 rpm in PMA-3K devices. Figure 92 shows the 

cross-section image of 3.5 µm and 1 µm thick PMMA layers on PMA-2K-1 and 

PMA-3K-1 devices. The PMMA coated onto the nanorod tips and also filled in their 

interspaces 
16

. The fully configured devices were heterojunctions of ITO/ZnO 

nanorods/PMMA/Au (gold). 

 



Effects of Electrode Materials on Device Performance 
 

161 

 

 

Figure 92. SEM images of (a) 3.5 µm thick PMMA  layer coated on top of ZnO nanorods (b) 

1 μm thick PMMA layer coated on top of ZnO nanorods. (c) Schematic of ITO/ZnO/PMMA/Au 

heterojunction device 

16
. 

 

6.3.3.1. Current-Voltage (J-V) Electrical Characterisation 

An electric bias from -2 V to +2 V was applied across each device terminals using 

Keithley 4200 source meter, to measure its current-voltage relationship. The 

characteristic curve, shown in Figure 93, indicated a non-linear current-voltage 

relationship with rectification ratio (ratio between the forward current and the 

reverse current) of 0.5 – 1.2 for PMA-2K and 0.4 -0.6 for PMA-3K devices at ± 2 V. 

Upon application of an external bias across the device, there was a non-linear 

forward current was observed to flow. Figure 94 explains this non-linear forward 

current effect: when the metal was connected to positive and semiconductor to 

negative charge then excess of electrons were accumulated at the ZnO/PMMA 

junction which caused the bends to move downwards. Therefore, a non-linear 

2 µm

(b)(a)

2 µm

(c)
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forward current flowed in order to accommodate the excess electron density (Figure 

94(c)).  

Similarly under reverse bias mode, when a positive potential was applied to the ZnO, 

there was some reverse leakage current observed to flow. This was caused by the 

depletion region created at ZnO/PMMA junction and it therefore small nA ranged 

currents flowed in the reverse direction (Figure 94(b)). Therefore, the J-V 

characteristic curve of devices showed a non-linear current-voltage relationship with 

rectification.  

 

 

 

Figure 93. J-V characteristic curve of (a) PMA-2K and (b) PMA-3K devices. Inset showing J-V 

curve of PMA-3K-3 for clarity. 

 

(a)

(b)



Effects of Electrode Materials on Device Performance 
 

163 

 

The series resistance (Rs) and shunt resistance (Rsh) of PMA-2K and PMA-3K 

devices were extracted by calculating the inverse slope 𝑅 =
𝜕V

𝜕𝐼
 of the plots in the 

forward and reverse biased regions, respectively.  

Table 19 shows the calculated values of Rs and Rsh of the devices.  

 

 

Figure 94. Metal insulator semiconductor (n-type) junction at (a) equilibrium, (b) under reverse 

bias condition, (c)  under forward bias condition. 

 

The values of Rs and Rsh obtained for heterojunction-based devices depend on the 

equilibrium state of their stacked materials. To elaborate, we take the example of the 

presented case of PMMA-based devices. The PMMA in these devices was dissolved 

in anisole solvent for spin-coating. It was considered that during its drying process at 

100°C for 24 hours, the anisole solvent did not fully evaporate. This affected the 

device performance and their J-V characteristic curves. The devices mainly affected 

were the earliest fabricated batches, called as the PMA-2K devices. This was 

because: firstly, due to earlier phase of study, the effects of incomplete solvent 

evaporation were not known; secondly, due to initial fabrication trials, the thickness 

of PMMA layer was not optimised and being 3.5 µm thick it allowed more solvent to 
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be trapped. Figure 95 (a-c) shows J-V characteristic curve of devices right after 

fabrication completion. Figure 95 (d-f) shows that the J-V characteristic curve 

changed after one week of fabrication. Figure 95(a) showed no rectification ratio 

between forward and reverse current. Figure 95(b-c) demonstrated leakage current to 

be higher than forward current. From these results it was speculated that trapped 

solvent in PMMA could have ionised under the electric field caused by 1-2 V bias. 

 

Table 19. Calculated Rs and Rsh of PMA-2K and PMA-3K devices. 

Device 
Name 

Series Resistance Shunt Resistance 

 Rs (kΩ) Rsh (kΩ) 
   

PMA-2K-1 0.7 81.5 

REMARKS Effected by Anisole 

(Solvent) 

Effected by Anisole 

(Solvent) 

   

PMA-2K-2 0.6 6.8 

REMARKS Effected by Anisole 

(Solvent) 

Effected by Anisole 

(Solvent) 

   

PMA-2K-3 0.65 46 

REMARKS Effected by Anisole 

(Solvent) 

Effected by Anisole 

(Solvent) 

   

PMA-3K-1 1.25 4.78 

REMARKS   

   

PMA-3K-2 1.02 1.76 

REMARKS   

   

PDOT-3K-3 10 10 

REMARKS   

 

Therefore, this ionisation could have caused leakage current to flow. This in return, 

changed the J-V characteristic profile of the freshly prepared PMA-2K devices. The 

J-V characteristic curve was settled and had a diode-like non-linear profile after one 

week Figure 95 (d-f). This indicated that, the solvent was dried over the period of 

time. But, it was still improbable if the solvent had completely escaped from the 

deposited PMMA on PMA-2K devices. 
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The Rs and Rsh analysis was performed on the J-V characteristic data acquired one 

week after fabrication (Figure 95 (d-f)). However, the calculated Rs of PMA-2K 

devices, with 3.5 µm thick electrode, were in the range of 0.6 – 0.7 kΩ; which after 

analysis were found to be lower than PMA-3K devices with 1 µm thick electrode 

(discussed later in this section). This result was contrary to other reports on the effect 

of electrode thickness on device Rs: as reported by Baglio et al. (2011) 
18

 and Góes et 

al. (2011) 
19

,  increase in electrode thickness in heterojunction devices increased the 

overall internal resistance. Therefore, the calculated Rs of PMA-2K devices indicated 

that the solvent may have not completely escaped from the deposited PMMA. Due to 

this, the calculated Rs and Rsh from JV relationship of PMA-2K were not considered 

to be completely reliable.  

 

 

Figure 95.  J-V characteristic curves of PMMA-based devices right after fabrication 

demonstrating the change in device characteristics due to incomplete evaporation of solvent. J-

V characteristics of devices after 1 week of storage, showing change in behaviour after solvent 

evaporation. 

 

To sum up, the Rs and Rsh of PMA-2K may have been higher than the calculated 

values (if the solvent had completely evaporated), but the incomplete solvent 

evaporation affected the result analysis. This effect of incomplete solvent was 

studied by Perlich 
20

 in spin-coated polystyrene (PS) dissolved in toluene. It was 
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found that the total remaining toluene content increased with increasing PS film 

thickness. Hence, in the presented case of PMMA dissolved in anisole, the remaining 

anisole content was considered to be higher in PMA-2K devices than in PMA-3K 

devices. Therefore, the reason behind fabricating PMA-3K devices, with 1 µm thick 

PMMA electrode, was to prevent the problem of solvent evaporation. The J-V plots 

of these devices were more stabilised, as compared to PMA-2K. However, the 

solvent of these devices was not completely dried since problems were occurred 

during output measurement of these devices. Figure 96 shows the J-V characteristic 

curve of PMA-3K devices right after fabrication completion. The extracted values of 

Rs and Rsh from the J-V plots were ranged as 1.02 – 10 kΩ and 1.76 – 10 kΩ, 

respectively. The resistive impedance (Rint) of PMA-2K devices were higher than the 

0.36 – 0.6 kΩ and 3.23 – 4.14 kΩ Rs and Rsh of PMA-2K devices, because the 

effects of solvent in PMA-3K with thinner (1 µm) electrode were less pronounced. 

.  

Figure 96. JV Characteristic curve of PMA-3K devices, right after fabrication. 

 

The 1.02 – 10 kΩ and 1.76 – 10 kΩ ranged Rs and Rsh indicated a high sample-to-

sample variations in PMA-3K devices. The reason behind these sample variations 

were, reduced PMMA coat thickness and sheet resistance of ITO. Firstly, the 

spinning of PMMA at 3000 rpm had caused deposition of 1 µm thick PMMA layer 

near in the centre of substrate and 30 nm thick (Figure 97 (b)) coating around the 

edges. This non-uniformity in polymer layer coverage was caused due to spin-

deposition: the centrifugal forces around the edges of the substrate pulled on the 

PMMA outward, and the attractive forces within the PMMA pulled on the PMMA 

near the centre of the substrate, where the centrifugal forces were smaller 
21

. Hence 
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the devices with electrodes closer to the edges had lower overall Rs. In addition, the 

lesser thickness around edges increased the chance of short-circuits. These short-

circuits were more likely caused by the non-homogenously nucleated microrods in 

the synthesis solution. These microrods were randomly grown in the synthesis 

solution of Zn(NO3)2 and HMT and they were longer than 5-6 µm. They adhered 

with the non-homogenously nucleated nanorods because of high surface energy. The 

thinly coated edges of the substrate allow these microrods (Figure 97(a)) to be left 

uncovered with PMMA. Therefore, if these uncovered microrods are sputtered with 

gold, they cause short-circuit of Au (gold)/ZnO/ITO. In addition, for the case of 

PMA-3K-2 device, the lower PMMA thickness under the electrode and higher short-

circuit had reduced its Rs and Rsh to 1.02 kΩ and 1.76 kΩ. Its Rsh was 45 times lower 

when compared to PMA-3K-1 device. 

 

Figure 97. SEM images of (a) homogeneously nucleated nanorods adhered onto the surface of 

heterogeneously nucleated nanorods, (b) 30 nm PMMA coating on nanorods near the edge of 

the device substrate. 

 

Secondly, higher ITO sheet resistance caused increase in device internal impedance. 

It is to be noted that due to process variations and discrepancies, the coated ITO 

resistance on PET cannot be homogenous throughout the sheet. Certain parameters 

such as increased PET substrate roughness or uneven structures cause the sputtered 

ITO particles to be rougher certain areas 
22

. There are always chances that these 

rougher areas are incorporated into a device. Therefore, they reduce the conductivity 

of ITO electrode and cause overall internal impedance of the device to increase. This 

100 µm 2 µm

20 µm

(b)(a)
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case was observed in PMA-3K-3 device and was regarded to cause the highest 

internal resistive impedance comprising of 10 kΩ Rs and 10 kΩ Rsh in the device.  

When compared with the PEDOT:PSS-based devices, the overall Rs and Rsh of 

PMMA-based devices was 1 to 2 orders of magnitude higher. The reason was the 

conductivity differences between the two materials. That is to say, PMMA being an 

insulating material has ideally infinite resistance. Due to which, its Rs was high and 

also the leakage losses due contact between top electrode and bottom electrode were 

minimised. To elaborate, in case of pin-holes or patched areas where ZnO nanorods 

did not grow, the PMMA layer contacted with ITO. However, due to insulating 

property of PMMA, the contact of PMMA/ITO did not cause device short-circuits. 

6.3.3.2. Output Measurement and Performance Evaluation 

The PMA-2K and PMA-3K devices were tested for their output performance. The 

output measurements were performed when devices were mechanically excited using 

a 1 Hz rotating cam connected to shaft of a motor (described in Chapter 3, section 

3.6). Each device had its one end fixed and the other end was bent upwards to 

~6 mm by the cam and released at 50 g acceleration. At this acceleration, each 

device generated output response which was captured using NI PXI-4461 (24-bit 

ADC) on the NI PXIe-1062Q chassis. The open-circuit voltage output peaks of the 

device were recorded using Labview operated NI PXI-4461 (24-bit ADC) on the NI 

PXIe-1062Q chassis. The short-circuit current output peaks were recorded using 

Labview operated Low-Noise Current Preamplifier SR570 connected with the NI 

PXI-4461 (24-bit ADC) module. The resistive load curves were recorded using 

decade box, Meatest M602 programmable decade box, which was connected with 

the PXI-4461 module for data acquisition. A Labview program controlled the 

resistive sweep of the decade box and also recorded the output of the device across 

the sweep of load resistance.  

The PMA-3K-2 device was disintegrated during bend-release measurement for 

power density. Therefore, the performance of this device could not be fully 

evaluated. For PMA-2K devices, the short-circuit measurement were carried out by 

capturing voltage signal across 40 - 50 kΩ resistors due to unavailability of Low-

Noise Current Preamplifier SR570. The reason of selecting 40 - 50 kΩ resistors was 
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based on the internal impedance of these devices. To elaborate, short-circuit 

resistance is the resistance across which voltage output of a device is minimum 

(ideally 0) and its current is the highest (ideally α). In order to estimate the short-

circuit resistance of the PMA-3K devices, resistors were connected in parallel with 

these devices and the voltage drop across them was recorded. For resistances lower 

than 40 kΩ, these devices did not generate any voltage, which meant that they were 

under short-circuited condition. At 40 kΩ, these devices generated the minimum 

voltage detectable by the measurement system. Hence, at this value of resistance, the 

short-circuit current density was estimated from the voltage peak (𝐼 =
𝑉𝑅

𝑅
). The 

impedance analysis of the devices was performed from 40 Hz to 110 MHz. The 

impedance response to the varying frequency input voltage signal was converted into 

Nyquist plot. From the real-axis diameter of the large semicircle in the Nyquist plot, 

the resistive internal impedance (Rint) of the devices was observed.    

As discussed earlier, one of the major difficulties occurred during measurement of 

PMMA-based devices were caused by the incomplete anisole solvent evaporation 

from PMMA. This was linked with: thickness of PMMA which was the highest 

3.5 µm in PMA-2K devices and PMMA’s high molecular weight of 850,000 g/mol. 

Both factors have been found to trap a solvent in polymers 
20

. Due to this issue, 

problems were occurred mostly with resistive load matching. The resistive load 

matching is performed by measuring device voltage output across a sweep of 

resistances; but due to solvent trapping in the device, its electrical response was 

affected adversely and the voltage output of the device used to fluctuate. This had 

caused noise in the data set, which was reduced by taking average of 5 

measurements for each device. 

For understanding the effects of Rs and Rsh of PMMA-based devices on their 

performances, we took reference from the previously determined results of PDOT-

2K/A, PDOT-2K/B and PDOT-1K devices. It was deduced from the analysis of 

results of these PEDOT:PSS-based devices that the real-axis resistive impedance 

(Rint) of an energy harvester increased with an increase in the optimal load resistance 

(RL) of the device. This was in concordance with the maximum power theorem 

which states that, the maximum power transfer occurs when the impedance of a 

connected load is equal to the internal impedance of the source 
23

.Therefore it was 
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concluded experimentally that the real-axis load impedance was linked with the 

optimal load resistance (RL) of the devices. In addition, it was also observed that 

increase in resistive (Rint) internal impedance or optimum load resistance (RL) is 

caused either due to increase in device Rs or Rsh. Devices with increased Rsh had 

increased optimum RL and PL, because increased Rsh is linked with reduction in 

device leakage losses 
24–26

. On the contrary, devices with increased Rs had increased 

RL but decreased PL 
27–29

; because increased Rs caused increase in I
2
Rs 

30
 and 

resistive losses in the device.  

 

Figure 98. Measured peak open-circuit voltage output of PMA-2K devices. 

 

Measurements performed for peak open-circuit voltage (Voc) and peak short-circuit 

current density (Jsc) determined that among PMA-2K and PMA-3K devices, PMA-

2K-1 generated the highest Voc and Jsc of 250 mV and 3.2 µA cm
-2 

(Figure 98). The 

resistive load matching of the device assisted in analysis of its peak-power density 

(PL) of 0.4 µW cm
-2

 across an optimum load of 363 kΩ (Figure 99) (Table 20). The 

other devices in PMA-2K group such as PMA-2K-1 and PMA-2K-2 generated Voc 
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of 90 mV and 140 mV with Jsc of 1.7 µA cm
-2

 and 2 µA cm
-2

. The lower Voc and Jsc 

of the PMA-2K-2 and PMA-2K-3 devices were linked with the lower shunt 

resistance (Rsh) of these devices which were 6.8 kΩ and 46 kΩ, respectively. 

Although it was understood that the J-V characteristic curve of PMA-2K devices was 

affected by incomplete solvent evaporation, which affected their Rs and Rsh. 

However, the effect of lower Rsh can also be inferred from optimum load resistance 

of PMA-2K-3 device; that is to say, the maximum PL was generated as 0.1 µW cm
-2

 

across 271 kΩ, which was 1.5 times lower than that of the PMA-2K-1 device. In 

addition, the Rint of PMA-2K-3 devices was 120 kΩ which was 4 times lower than 

the 467 kΩ Rint of the PMA-2K-1 device. It was determined previously that the real-

axis resistive internal impedance (Rint) obtained from the Nyquist plots of an energy 

harvester increased with an increase in its shunt and series resistance. Therefore, the 

real-axis Rint in case of PMA-2K-3 device, its optimum load resistance (RL) and 

calculated Rs from J-V curve were lower than that of the PMA-2K-1 device which 

indicated that the overall shunt resistance of the device was reduced.  

 

Figure 99. Resistive load matching for power density calculation of PMA-2K devices the 

impedance plot contained higher noise points near the optimum load resistance (RL) (due to 

incomplete solvent evaporation effects). Therefore, the RL is marked for clarity. 
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As a result of higher power density for PMA-2K-1 devices, its energy delivered to 

the load and charge displaced across load were 0.22 nJ cm
-2

 and 74.64 nC cm
-2

 

which were higher than the rest of the devices in PMA-2K devices (Table 21). 

 

Table 20. Voc, Jsc and PL of PMA-2K devices. 

Device 
Name 

Peak Open-
Circuit Voltage  

Peak Short-Circuit 
Current Density 

Peak Power 
Density 

Load 
Resistance 

  Voc (mV) Jsc (μA/cm2) PL (µW/cm2) RL (kΩ) 

    Measured/Calculated Manual/Decade 
Box 

  

     

PMA-2K-1 250 3.2 0.4 363 

REMARKS   Calculated across 50 kΩ Decade Box   

     

PMA-2K-2 90 1.7 -   - 

REMARKS   Calculated across 40 kΩ Device Broken Device 
Broken 

     

PMA-2K-3 140 2.0 0.1 271 

REMARKS   Calculated across 45 kΩ  Decade Box   
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Figure 100. Nyquist plots from impedance analysis of PMA-2K devices. 

 

(a)

(b)
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Table 21. Performance parameters of PMA-2K devices. 

 

 

 

 

 

  

 

Device 
Name 

Peak Open-
Circuit Voltage  

Peak Short-Circuit 
Current Density 

Peak Power 
Density 

Load 
Resistance 

Energy 
Density 

Charge 
Displaced 

Series 
Resistance 

Shunt 
Resistance 

Real Impedance 

  Voc (mV) Jsc (µA/cm2) PL (µW/cm2) RL (kΩ) EL (nJ/cm2) QL (nC/cm2) Rs (kΩ) Rsh (kΩ) Rint (kΩ) 

    Measured/Calculated Manual/Decade Box           Performed/Not Performed 

          

PMA-2K-1 250 3.2 0.4 363 0.13 1.65 0.70 81.5 467 

REMARKS   Calculated across 50 kΩ Decade Box       Effected by Anisole (Solvent)   

          

PMA-2K-2 90 1.7  - -  -  -  0.60 6.8 - 

REMARKS   Calculated across 40 kΩ Device Broken Device Broken Device Broken Device Broken Effected by Anisole (Solvent) Device Broken 

          

PMA-2K-3 140 2.0 0.1 271 0.10 1.41 0.65 46 120 

REMARKS   Calculated across 45 kΩ  Decade Box       Effected by Anisole (Solvent)  
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The PMA-3K devices were analysed in the same manner as the PMA-2K devices. 

The device with highest PL among PMA-3K devices was PMA-3K-1, which 

generated 0.27 µW cm
-2

 across 67 kΩ and the highest Voc and Jsc of 100 mV and 

8 µA cm
-2

. For PMA-3K-3 device, although due to its Rsh being 10 times higher than 

the PMA-3K-1 device, it generated 165 mV which was 1.6 times higher than PMA-

3K-1 device. However, PMA-3K-3 had Rs twice as high as PMA-3K-1 device, 

which caused a drop of current density across Rs to be higher than that of the PMA-

3K-1 device. Consequently, the Jsc of PMA-3K-3 device was 2.7 µA cm
-2

, which was 

3 times lower than PMA-3K-1 (Figure 101). Consequently, the PL, which was the 

product of current density and voltage across the optimum load (RL), also decreased 

to 0.157 µW cm
-2

. The RL of PMA-3K-3 was also indicative of its high resistive 

impedance, since it was 488 kΩ and 7 times higher than that of the PMA-1K-1 

device. The real-axis resistive impedance (Rint), obtained from impedance analysis 

results of this device, was not of the same order of magnitude as its RL. This was 

possibly occurred because of high overall Rs of the device, which caused it to be 

detected as an open-circuit by the impedance measurement system (Figure 102). 
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Figure 101. Measured peak open-circuit voltage of PMA-3K devices. 

 

Table 22. Jsc and Voc and PL of PMA-3K devices. 

Device 
Name 

Peak Open-
Circuit Voltage  

Peak Short-Circuit 
Current Density 

Peak Power 
Density 

Load 
Resistance 

  Voc (mV) Jsc (μA/cm2) PL (µW/cm2) RL (kΩ) 

    Measured/Calculated Manual/Decade Box   

     

PMA-3K-1 100 8.0 0.277 67.14 

REMARKS   Measured Decade Box   

     

PMA-3K-2 60 1.65 0.0199 43 

REMARKS   Measured Decade Box   

     

PDOT-3K-3 165 2.7 0.157 488 

REMARKS   Measured Decade Box   
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Similarly the Rs and Rsh of PMA-3K-2 device was studied in the light of its output 

performance. This device comprised of the lowest Rsh of 1.76 kΩ and thus generated 

the lowest Voc among the PMA-3K devices of 60 mV. This caused the voltage-

driven Jsc of this device to reduce to 1.65 µA cm
-2

 and hence the PL of the devices 

was the lowered to 0.02 µW cm
-2

 across 43 kΩ.  

The power density across optimum load (PL) for the PMA-3K-1device was the 

highest among PMA-3K devices, and its energy delivered and charge displaced 

across optimum load were 0.14 nJ cm
-2

 and 51.45 nC cm
-2

; which were also the 

highest among the rest of the devices (Figure 103). 

To sum up, the PL of overall PMMA-based devices was ranged between 

0.02 µW cm
-2

 to 0.4 µW cm
-2

. In addition, their optimum load of maximum power 

transfer was ranged from 43 kΩ to 488 kΩ.  These values of RL were affected by the 

Rs and Rsh of devices. For the case of devices with high Rsh, an increase of RL was 

associated with an increase in PL. On the contrary, for devices with high Rs, the 

increase of RL caused decrease in PL. The device which was best in terms of overall 

Voc, Jsc and PL was PMA-2K-1. It generated Voc and Jsc of 250 mV and 3.2 µA cm
-2

. 

The PL of the device was 0.4 µW cm
-2

 generated across 363 kΩ RL.  
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Figure 102. Nyquist plots from the impedance analysis of PMA-3K devices. 

 

(a)

(b)

(c)
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Figure 103. Resistive load matching for PMA-3K devices. For PMA-3K-2 and PMA-3K-3, the 

impedance plot contained higher noise points near the optimum load resistance (RL) (due to 

incomplete solvent evaporation effects). Therefore, the RL is marked for clarity. 

Load point
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Table 23. Performance parameters of PMA-3K devices. 

 
 

 

 

  

Device 
Name 

Peak Open-Circuit 
Voltage  

Peak Short-Circuit 
Current Density 

Peak Power 
Density 

Load 
Resistance 

Energy 
Density 

Charge 
Displaced 

Series 
Resistance 

Shunt 
Resistance 

Real Impedance 

  Voc (mV) Jsc (µA/cm2) PL (µW/cm2) RL (kΩ) EL (nJ/cm2) QL (nC/cm2) Rs (kΩ) Rsh (kΩ) Rint (kΩ) 

    Measured/Calculated Manual/Decade Box           Performed/Not Performed 

          

PMA-3K-1 100 8.0 0.277 67.14 0.09 2.29 1.25 4.78 76 

REMARKS   Measured Decade Box          

          

PMA-3K-2 60 1.65 0.0199 43 0.07 3.00 1.02 1.76 40 

REMARKS   Measured Decade Box         

          

PDOT-3K-3 165 2.7 0.157 488 0.02 0.53 10 10 3000 

REMARKS  Measured Decade Box       
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6.4. Comparative Analysis on the PEDOT:PSS-based and 

PMMA-based Devices 

The electrical characterisation of devices was an essential step toward obtaining a 

complete profile on the device performance under the effect of different electrodes. 

The details thus obtained provided a useful comparison between insulator-type and 

p-n junction-type devices and assisted in understanding the differences in 

electromechanical efficiencies of the two systems. The aim of analysing the 

performance differences between PMMA and PEDOT:PSS, devices in groups PMA-

2K, PMA-3K, PDOT-2K/A, PDOT-2K/B and PDOT-1K were considered. The two 

types of devices were used to analyse and compare the screening effects of different 

top electrode materials in piezoelectric energy harvesters.  In addition, the effect of 

electrode material on the performance parameters of an energy harvester was also 

analysed.  

 

Table 24. Measured and calculated performance parameters of the PMMA and PEDOT:PSS 

devices 
16

. 

 PMMA Device 
PMA-2K-1  

PEDOT:PSS Device 
PDOT-A1 

Peak open-circuit voltage(mV) 250 225 

Peak short-circuit density (mA cm
-2

) 0.003 0.8 

Instantaneous peak power density (µWcm
-2

) 0.4 54 

Energy Density (nJcm
-2

) 0.13 17 

Approximate internal impedance, Rint (real, kΩ) 467 2 

Charge Transferred (nC cm
-2

) 1.65 247 

Optimum load (kΩ) 363 2.09 

Calculated Series Resistance (Rs) 0.7 0.172 

Calculated Shunt Resistance (Rsh) 81.5 1.65 

 

To begin with the analysis on comparison between PMMA and PEDOT:PSS-based 

devices, here we considered one best device, in terms of PL, from each type: PDOT-

A1 and PMA-2K-1. Table 24 compares the performance parameters of the PDOT-

A1 and PMA-2K-1. The PL of the PDOT-A1 was calculated to be two orders of 

magnitude higher than the PMA-1K-1 device. The 250 mV Voc of PMA-2K-1 was 

although higher than 225 mV of PDOT-A1, but its Jsc was 2 orders of magnitude 

lower than 0.8 mA cm
-2

 of PDOT-A1. The resistive internal impedance (Rint) of 
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PDOT-A1 device was 2 kΩ which was 180 times lower than the 363 kΩ of PMA-

2K-1 device. Moreover for PMA-2K-1, both the Rs and Rsh were 81 and 7 times 

higher than that of the PDOT-2K-1 device. 

Therefore, it was observed that the internal impedance of the PMA-2K-1 device was 

higher than the PDOT-A1 device. The factor which dictated the differences in 

impedance of the two devices was the electrode conductivity. Being an insulator, the 

electrode resistivity of PMMA was considerably higher than the semiconducting 

PEDOT:PSS. Due to this, the overall Rint of PMMA-type devices was 40 – 500 kΩ 

(Table 21 and Table 23); which was higher than the 0.5 kΩ – 2 kΩ (Table 17) Rint of 

PEDOT:PSS-based devices. Despite of higher internal impedance, the Voc of PMA-

2K-1 was higher than PDOT-A1. This was believed to be linked with lower 

screening rate caused by the insulating properties of PMMA. To elaborate the 

screening mechanisms, the energy band diagrams of PEDOT:PSS-based and 

PMMA-based devices were hypothesised and presented in Figure 104 and Figure 

105. The PEDOT:PSS-based device comprised of p-n junction between ZnO and 

PEDOT:PSS (Figure 104). In Figure 104(b), the tilted bands represent polarised 

ZnO, and the depolarisation field (Edep) allow movement of carriers within the 

material (Figure 104(b)). These carriers flow toward the positive potential of Edep 

and accumulate at the positive charged zone of depletion region. Moreover, the 

positive potential of Edep cause the holes in PEDOT:PSS to drift away from the 

depletion region. Hence, the accumulation of carriers in the depletion region and 

drift of holes away from depletion region caused complete screening of the positive 

polarisation.   

Similarly, the screening mechanism in PMMA-based devices was studied. When 

ZnO was polarised, the free-carriers move toward the positive potential of Edep 

(Figure 105(b)) and accumulate at the ZnO/PMMA interface (Figure 105(b)). Due to 

this accumulation, the screening of positive polarisation took place. However, unlike 

PEDOT:PSS, the insulating properties of PMMA would not exhibit screening effect. 

That is to say that, because PMMA is an insulator, it will not participate in 

transferring carriers into ZnO. Therefore, the rate of screening in case of 

PEDOT:PSS-based devices was believed to be faster than PMMA-based devices. 

Hence, the Voc of PMA-2K-1 was higher than PDOT-A1. 
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Figure 104. (a) PEDOT:PSS/ZnO p-n junction at equilibrium. (b) Polarised ZnO causing free 

carriers to move toward positive polarisation and holes in PEDOT:PSS drifting away from 

depletion region. (c) Complete screening of positive polarisation caused by accumulated charges 

at the junction and internal flow of carriers. Assumed partial screening of negative polarisation. 
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Figure 105. (a) Au (gold)/PMMA/ZnO metal-insulator-semiconductor junction at equilibrium. 

(b) Polarised ZnO causing free carriers to move toward positive polarisation (c) Partial 

screening (representing slower screening rate) of positive polarisation caused by accumulated 

internal carriers at the PMMA/ZnO junction only. Assumed partial screening of negative 

polarisation. 

 

The overall Rint of PMMA-type devices of 40 – 500 kΩ was linked with the non-

conductivity of PMMA. Due to this, the Rsh and Rs of PMMA-based devices were as 

high as 81.5 kΩ and 1 kΩ. At the same time, as described above, the non-

conductivity of PMMA also caused lower external screening effects. Therefore, 

despite of higher Rs and I
2
Rs losses, the average voltage generation from PMMA 

devices in group PMA-2K and PMA-3K was 135 mV and the average generation 

from PDOT-2K/A and PDOT-2K/B was 100 mV. In addition, the PMA-3K-2 device 

with an Rsh of 1.76 kΩ (which was lower than 2.3 kΩ of PDOT-1K-2 device) and Rs 

of 1.02 kΩ (which was higher than 0.6 kΩ of PDOT-1K-2), generated Voc twice as 

high as PDOT-1K-2. This indicated that along with Rs and Rsh, the external 

screening effect was also affecting the device performances. Consequently, on 

average scale the Voc of PMMA-based devices were higher than PEDOT:PSS-based 

devices, despite their higher I
2
Rs losses considered across 0.6 kΩ to 1.25 kΩ Rs.  

Thus, the lower external screening effect in PMMA-based device than the 

PEDOT:PSS-based device was maintaining the Voc ranged 60 – 250 mV in PMA-2K 
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and PMA-3K device, which were higher than 22 mV – 225 mV ranged PDOT-2K/A 

and PDOT-2K/B devices. However, as mentioned previously, across Rs of PMA-2K 

and PMA-3K the drop of voltage-driven current was higher because of having higher 

overall Rs of 0.6 – 1.25 kΩ in PMA-2K and PMA-3K devices. Therefore, the Jsc was 

two orders of magnitude lower than PDOT-2K/A and PDOT-2K/B devices. This 

caused the PL of these devices to decrease and the effect of 10 to 20 times higher Rs 

than PEDOT:PSS-based devices was observed in the high optimum load resistances 

of 43 – 488 kΩ.  

In summary, having insulating top electrode was essential in keeping the electrode 

external screening effects to minimum. In case of PEDOT:PSS devices, which had 

semiconducting top electrode, the external screening was believed to adversely affect 

the polarisation field in ZnO. Consequently, the measured potential difference 

between the device terminals was reduced. Contrary to generating 60 – 250 mV 

which was higher than 22 – 225 mV of PEDOT:PSS devices; however, the PL of 

0.02 - 0.4 µW cm
-2

 for PMMA devices, was one to two orders of magnitude lower 

than that of the PEDOT:PSS devices.  

According to maximum power transfer theorem 
31

, the optimum load depends on the 

internal impedance of the device. From the Nyquist plots, the internal impedance of 

the PEDOT:PSS device was 0.6 – 2 kΩ and that of the PMMA device was 43 -

 488 kΩ. It was indicative that, the higher optimum load for PMMA device than the 

PEDOT:PSS device was possibly caused by high Rs of the insulating top electrode. 

Further to this, the J-V characteristic curves of the two devices also indicated that the 

series resistance of the PMMA devices were 10 to 20 times higher than PEDOT:PSS 

devics. Hence, the electrical characterisation indicated that the high internal 

impedance of the PMMA suppressed the current delivered to this load (since, 𝐼 =
𝑉

𝑅
). 

For example, the calculated current density, across the optimum load, delivered by 

PMA-2K-1 device was 1.16 µA cm
-2

 which was ~300 times lower than the 

PEDOT:PSS device. As a result of this, the calculated PL of the device decreased by 

two orders of magnitude. This was also reflected in the calculated energy delivered 

by PMMA device to the load, which were reduced by two orders of magnitude when 

compared to PEDOT:PSS device 
16

. 
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6.5. Summary 

This chapter elaborates the sources of losses in ZnO piezoelectric polarisation which 

are introduced by electrode material type. For the bottom electrode three types of 

materials were chosen: silver, Zn and ITO. The materials Ag (silver) and zinc having 

work function of 4.26 and 4.3 eV were used to determine the role of Ohmic contacts 

in screening of polarisation charges. It was observed that metal Ohmic contacts of 

zinc with ZnO increased the rate of screening and it was not considered suitable for 

device operation. The reason for this increased rate of screening was related to low 

resistance Ohmic junction (non-rectifying), which allowed free-carriers to enter 

conveniently from zinc into ZnO.  On the contrary, ITO which has a slightly higher 

work function than ZnO was considered to form a rectifying Schottky contact with 

ZnO. It was believed that having a Schottky contact between ZnO and ITO reduced 

the injection of free-carriers from ITO to ZnO. Thus the rate of screening was 

reduced. Consequently, the output voltage generated by ITO-based PDOT-Sm 

devices was two orders of magnitude higher than Zn foil-based PDOT-Zn devices. 

In silver electrode devices, the shunt resistance was considerably low and therefore 

they were not suitable for output measurement and further analysis. The ITO-based 

devices generated measureable voltage output due to lower rate of screening effects. 

Therefore, ITO was used as bottom electrode for devices which were experimented 

for further studies and analysis. 

The device top electrodes have obtained appreciable attention in terms of their 

screening effects on ZnO piezoelectric polarisation. However, most of the studies 

carried out in this regard were focussed on open-circuit voltage and short-circuit 

current measurement, which were not enough to portray the complete behaviour of 

top electrode material. The resistive load matching and impedance analysis were two 

important approaches adopted in this work which highlighted the effects of electrode 

conductivity on device performance. It was deduced from the results that, due to 

negligible external screening effects of the insulating PMMA electrode, the open-

circuit voltage output (Voc = 250 mV) of its device PMA-2K-1 was higher when 

compared to the PEDOT:PSS semiconducting top electrode-based device, PDOT-

A1. However, due to high series resistance, the internal impedance of the PMA-2K-1 

device was 180 times higher than the PDOT-A1 device and therefore, the current 
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delivered to the load by a PMMA device was two orders of magnitude lower than 

that of the PEDOT:PSS device. Therefore, the power delivered by the PMMA-based 

device dropped by two orders of magnitude to 0.4 μW cm
-2

 when compared with 

54 μW cm
-2

 generated by PDOT-A1.  

Hence, it was concluded that the analysis of electrode material electrical 

characteristics is essential for understanding the impact of its impedance losses on 

the devices. Similarly, the analysis of device operation under load is also important 

to obtain the realistic concept of its electromechanical conversion efficiency.  
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7. Surface Modified ZnO-based 

Devices 

 

From the analysis of electrode materials on piezoelectric energy harvester’s 

performance, it was concluded that for optimum power generation semiconducting 

PEDOT:PSS was an essential material. In addition, ITO bottom electrode, having 

4.6 eV work function that was higher than 4.3 eV of ZnO, was also suited for 

reduced external screening effects. Therefore, for further studies, the 

Au/PEDOT:PSS/ZnO/ITO heterojunction prototype was used. These p-n junction-

type devices were optimised by using surface modified nanorods. For this, the 

surface of ZnO was passivated using p-type ceramic surface modifier, copper 

thiocyanate (CuSCN) 
1,2

. CuSCN was coated onto ZnO nanorods surface and 

incorporated into piezoelectric energy harvesters. Performance of coated-ZnO 

devices were analysed using no-load voltage and current output measurements, 

resistive load matching and impedance analysis. In addition, the performance of 

coated-ZnO-based devices was compared with non-coated ZnO nanorod-based 

devices. Thus, the difference between non-coated and CuSCN-coated devices’ 

performance was analysed by considering internal screening effects on piezoelectric 

polarisation of ZnO. 

7.1. CuSCN-coated Nanorod-Based Devices 

When a piezoelectric material is stressed, the change in polarisation causes 

movement in internal charge carriers. These mobile free-charge carriers suppress the 

piezoelectric polarisation immobile charges, causing a phenomenon called screening 

effect. This effect is called internal screening when free-charge carriers present in the 

material compensate the depolarisation field 
1–4

; whereas, if free-charges from an 

external contact cause this compensation then the effect is called external screening 

1,2,4,5
. Therefore, rate of internal screening depends on the carrier concentration and 

conductivity of the piezoelectric material 
1,2,4

. ZnO is intrinsically an n-type 
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semiconductor and its conductivity is affected by unintentional doping from surface 

defects and environmentally adsorbed impurities 
1,2

. The most commonly reported 

native defects are oxygen vacancies, oxygen interstitials, zinc vacancies and zinc 

interstitials 
1,2,6–9

. The interaction of material surface with gases like CO2, oxygen, 

hydrogen and moisture creates hydroxyl radical impurities on ZnO surface 
2,10

. In 

addition, the synthesis process is known to affect the stoichiometry of Zn and O 

atoms. In this regard, aqueous solution growth method reportedly yields excess of Zn 

atoms and oxygen vacancies 
11,12

. Several authors have studied the 

photoluminescence of ZnO nanostructures and associated the green, yellow, orange-

red and blue emissions with surface defects and impurities 
13,14

. 

The surface chemistry of ZnO is commonly modified to reduce its parasitic effects 

on electronic devices such as, transistors 
15

, photo-detectors 
16

 and piezoelectric 

energy harvesters 
2,9,17

. Surface coating techniques have previously been adopted for 

surface modification, in order to reduce the free carriers introduced by surface states 

in ZnO. For ZnO-based piezoelectric energy harvesters, the surface states-induced 

free mobile carriers adversely affect its performance 
4,9,17

. When ZnO is polarised, 

the free mobile carriers suppress the non-mobile polarisation charges causing a 

phenomenon called internal screening 
1,2,4,3

. It has been shown that, the surface of 

states of ZnO can be suppressed by using surface modification technique. This 

reduces the surface-induced carrier concentration and consequently decreases the 

rate of internal screening 
4,9,17,18

. Hence, the surface modification or surface 

passivation technique is essential to improve ZnO-based piezoelectric energy 

harvester’s performance. 

Previous studies on ZnO-based piezoelectric energy harvesters have employed a 

variety of surface modification techniques, such as oxygen plasma treatment, 

polymer layer coating and thermal annealing. Thermal annealing has been reported 

to reduce the native defects and impurities of ZnO nanostructures 
1,2,7,17,19,20

. It has 

been demonstrated that the carrier concentration of ZnO nanowires reduced by two 

orders of magnitude when annealed in air at 450 °C 
21

; which was considered to be 

caused by mitigation of free carrier-injecting surface species. Moreover, due to the 

same reason, oxygen plasma treatment was reported to reduce the carrier 

concentration of ZnO nanowires by 8 to 12 times 
22

 and 40 times in ZnO thin films 
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23
. In the presented research work, ZnO nanorods surface was coated with p-type 

ceramic material copper thiocyanate (CuSCN). Surface coating is considered to be 

more effective surface modification technique when compared with oxygen plasma 

treatment and thermal annealing, because the adhered chemicals prevent the surface 

interaction with the atmosphere and mitigate the re-adsorption 
9
 of surface species 

1,2
. 

ZnO nanorods array of 2 µm length and 70 nm width were spray-coated with 0.15 M 

CuSCN in steps of 2, 10 and 20. For each step, 0.5 ml of CuSCN solution was filled 

in the pneumatic micro-spray gun reservoir and sprayed onto the nanorods. The 

CuSCN-coated-ZnO devices prepared after 2, 10 and 20 steps of CuSCN spray-

deposition were grouped as CuSCN-2, CuSCN-10 and CuSCN-20. These coated-

ZnO devices were compared against the non-coated device group PDOT-2K/A, in 

order to study the effect of nanorod passivation.  

Figure 106 shows the SEM image of the non-coated and coated-ZnO nanorods. The 

CuSCN layer was coated onto the surface of the nanorods along their lengths. The 

width of 100 coated and 100 non-coated nanorods was measured. The average width 

of non-coated nanorod was subtracted from the average width of coated nanorod to 

estimate the thickness of CuSCN passivation layer. It was observed that for CuSCN-

10 and CuSCN-20 samples, 2 nm and 4 nm of CuSCN layer was coated onto the 

rods. For CuSCN-2 nanorod samples, having the least steps of CuSCN deposition, a 

change in nanorod width after deposition was not observed. The spray-coating was 

performed manually therefore the CuSCN coating was not completely uniform. As 

shown in Figure 107, there were some nanorods around which clusters of CuSCN 

were formed. Some areas had more coated-nanorods than the others. However, as an 

overall effect, the increase in CuSCN deposition steps had increased the surface 

coverage of ZnO 
2
.  
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Figure 106. SEM image showing (a) non-coated and as-grown ZnO nanorods, (b) nanorods 

after 2 steps spray deposition of CuSCN, (c) nanorods after 10 steps spray deposition of CuSCN 

(d) nanorods after 20 steps spray deposition of CuSCN 
2
. 

 

 

Figure 107. SEM image of nanorods in different regions of CuSCN-20-1 sample: (a) showing 

rods heavily coated with CuSCN, (b) showing area where rods were not thickly coated with 

CuSCN. (Images sharpened to observe details). 
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Table 25 defines the list of devices and their groups used for the surface passivation 

analysis. 

 

Table 25. List of devices and their respective group titles, used for analysis on surface 

passivation. 

Group Names 
Top Electrode 

Fabrication 

Bottom 

Electrode & 

Nanorod 

Fabrication 

Devices 

PDOT-2K/A 
PEDOT:PSS @ 

2000 rpm 
ITO Sp(25) PDOT-A1, PDOT-A2 

CuSCN-2 
PEDOT:PSS @ 

2000 rpm 
ITO Sp(25) 

CuSCN-2-1, CuSCN-

2-2 

CuSCN-10 
PEDOT:PSS @ 

2000 rpm 
ITO Sp(25) 

CuSCN-10-1, 

CuSCN-10-2, 

CuSCN-10-3, 

CuSCN-10-4 

CuSCN-20 
PEDOT:PSS @ 

2000 rpm 
ITO Sp(25) 

CuSCN-20-1, 

CuSCN-20-2, 

CuSCN-20-3, 

CuSCN-20-4 
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7.1.1. Current-Voltage Electrical Characterisation 

All the coated and non-coated devices were fabricated using 1 µm thick p-type 

PEDOT:PSS layer (Figure 108) as the top electrode. Therefore, they were p-n 

junction-based devices. Additionally, Figure 109 shows CuSCN-full device which 

was a heterojunction of ITO/ZnO/CuSCN/Au. Therefore, this device had CuSCN, 

which is a p-type semiconductor ceramic, as the top electrode. Current-voltage J-V 

characterisation of CuSCN-coated, non-coated and CuSCN-full devices was carried 

out using Keithley 2400 source meter unit, to observe the diode characteristics 

between p-type PEDOT:PSS and n-type ZnO. J-V characterisation was an important 

technique to determine the series Rs and shunt resistance Rs of a system. Therefore, it 

was considered as a means to analysing parasitic effects of Rs and Rsh on device 

performance, which caused device-to-device variation in specific groups. Figure 111 

shows the J-V characteristic curve of the CuSCN-10, CuSCN-20 devices and Figure 

110 shows the J-V characteristic curve of the non-coated PDOT-A1 and A2 devices 

and CuSCN-full device. The J-V relationship of PDOT-A1, A2 and CuSCN-full 

demonstrated rectifying devices that had a non-linear current-voltage relationship in 

the forward bias region. In addition, upon application of reverse bias voltage, 

leakage currents -6 mA cm
-2

 at -2 V for PDOT-A1 and A2 and 50 mA cm
-2

 at -2 V 

for CuSCN-full was observed, which was related with magnitude of each devices’ 

shunt resistance Rsh. This non-linear forward current conduction in J-V 

characterisation was linked with formation of diode between p-type PEDOT:PSS 

and n-type ZnO for PDOT-A1 and A2 devices. For CuSCN-full device, a diode 

formed between p-type CuSCN and n-type ZnO also caused non-linear J-V 

relationship. As highlighted in the figures, the diode turn-on voltages for PDOT-A1, 

A2 and CuSCN-full devices was in the range of 0.35 – 0.4 V.  
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Figure 108. SEM image of PEDOT:PSS layer coated on top of nanorods. This type of top 

electrode configuration was chosen for both non-caoted and CuSCN-coated nanorod devices. 

(b) Schematic of (i) non-coated PEDOT:PSS-based and (ii) CuSCN-coated PEDOT:PSS-based 

device. 

 

 

Figure 109. SEM image of CuSCN layer coated on top of nanorods in CuSCN-full device. (b) 

Schematic of (i) CuSCN-full device showing ITO/ZnO/CuSCN/Au heterojunction. 
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Figure 110. J-V characteristic curve of PDOT-A1, A2 and CuSCN-full devices. 

 

However, the J-V characteristic curves of CuSCN-10 and CuSCN-20 devices were 

different from the PDOT A1, A2 and CuSCN-full devices. To elaborate, let us 

consider the J-V characteristic curves of CuSCN-20 devices (Figure 111(c)). The 

forward bias region from 0 to +2 V for CuSCN-20 was a non-linear current-voltage 

relationship like PDOT-A1, A2 and CuSCN-full devices, having diode turn-on 

votage from 0.35 – 0.4 V; but in the reverse bias region, another diode was switched 

on at -0.5 V causing a non-linear J-V response. This response was analysed by 

considering the two types of p-n junction diodes in the presented CuSCN-coated 

PEDOT:PSS-based devices, which were: PEDOT:PSS/ZnO diode and CuSCN/ZnO 

diode. It was considered that the presence of these two diodes in one system caused 

the J-V behaviour to be different from a standard p-n junction diode. It was 

speculated that the resultant J-V characteristic curve of CuSCN-coated devices were 

composed of two overlapped responses of PEDOT:PSS/ZnO and CuSCN/ZnO 

diodes. Upon considering J-V relationship of CuSCN-2 devices, the overlap of 

CuSCN/ZnO diode response was negligible, since the number of spray steps in this 

system was the least. Therefore, the J-V characteristic profile of CuSCN-2 (Figure 

111(a)) devices was similar to that of PDOT-A1 and A2 devices. Hence, with the 

increase in CuSCN deposition steps, the CuSCN/ZnO diode became elaborate in the 

J-V characteristic curve. The Rs and Rsh extraction method from J-V response is 

based on a single diode system; and due to complexity of ZnO/CuSCN/PEDOT:PSS 

system, the slope calculation method to determine Rs and Rsh could not be applied. 

Therefore, the Rs and Rsh could not be extracted for study on device-to-device 

Diode Turn-on

Diode Turn-on
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variation in a specific group. Instead, the performance variation of devices was 

studied by considering only the effects of CuSCN coating on internal screening.  

 

 

 

Figure 111. JV characteristic curves of (a) CuSCN-2, (b) CuSCN-10-1, 10-2 and (c) CuSCN-20-

1, 20-2 devices. 
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7.1.2. Performance Evaluation and Comparison with non-coated 

Devices 

The CuSCN-coated and non-coated ZnO-based devices were measured for their 

output performance using open-circuit voltage, short-circuit current and power 

density over optimum load which was determined using resistive load matching 

technique. For all devices, the output measurements were performed using the 

rotating cam and motor arrangement (described in Chapter 3, section 3.6). Each 

device was clamped to a sample holder and its one end was fixed. The other end of 

the device was bent upward to ~6 mm and released at 50 g acceleration by the cam 

rotating at 1 Hz. At the acceleration of 50 g, each device generated output response 

which was recorded using NI PXI-4461 (24-bit ADC) on the NI PXIe-1062Q 

chassis. The open-circuit voltage output Voc peaks were recorded using NI PXI-4461 

(24-bit ADC) on the NI PXIe-1062Q chassis. A Low-Noise Current Preamplifier 

SR570 was connected with the NI PXI-4461 (24-bit ADC) module to capture the 

short-circuit current density Jsc peaks. A resistive decade box, Meatest M602 

programmable decade box, was connected with the PXI-4461 module for resistive 

load matching and peak power density measurement. All the equipment used for 

measurement and data acquisition were operated by Labview programs.  

The measured peak open-circuit voltage (Voc), peak short-circuit current density (Jsc) 

and calculated peak power density (PL) of non-coated and CuSCN-coated devices are 

shown in Figure 112-Figure 114 and Table 26. An increase in peak open-circuit 

voltage output in CuSCN-coated devices was observed when compared with non-

coated PDOT-2K/A devices. For PDOT-2K/A devices, the highest peak open-circuit 

voltage was measured as 225 mV from PDOT-A1. For CuSCN-2-1 and CuSCN-2-2 

devices, the measured Voc was increased to 260 and 330 mV. In addition, the 

voltage-driven Jsc was also increased to 1.2 mA cm
-2

 for both devices due to increase 

in their Voc. Similarly when compared with the PDOT-A1 device, the PL of CuSCN-

2 devices being 115 μW cm
-2

and 140 μW cm
-2

, were more than two times higher.  
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Figure 112. Measured peak open-circuit voltage output of (a) PDOT-2K/A and (b) CuSCN-2 

devices. 

  

Figure 113. Measured peak short circuit current density of (a) PDOT-2K/A and (b) CuSCN-2 

devices. 
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Figure 114. Resistive load matching of (a) PDOT-2K/A and (b) CuSCN-2 devices across 

optimum RL. 

 

Further to CuSCN-2 devices, the number of CuSCN coats was increased to 10 and 

20 to fabricate CuSCN-10 and CuSCN-20 devices, which had demonstrated a further 

increase in Voc. The average of Voc generated by four CuSCN-10 and four CuSCN-

20 devices was 660 mV and 790 mV (Table 26). This indicated that on average 

CuSCN-20 device performance was marginally higher than CuSCN-10 devices; 

which showed that the performance of devices increased with the increase in CuSCN 

coats until saturation was reached. Therefore, after this saturation point a further 

increase in CuSCN coating was not effective in increasing device Voc. In addition, it 

was also proposed that the increase in loading of CuSCN from 2 coats to 10 and 20 

coats actually increased the surface coverage of ZnO, due to which the CuSCN 

coverage on nanorods in CuSCN-20 and CuSCN-10 was higher than CuSCN-2. The 

increase in coats increased the ZnO surface coverage with CuSCN, which increased 

the suppression of active parasitic sites on ZnO surface. Therefore, it can also be 

stated that, although CuSCN thickness in CuSCN-20 nanorods was 4 nm which was 

twice as high as that of CuSCN-10; the surface coverage of CuSCN-10 and CuSCN-
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20 was not varied significantly. As a consequence of which, on average the CuSCN-

10 and CuSCN-20 generated similar ranges of Voc, that is 454 – 900 mV for CuSCN-

10 and 403 mV – 1.07 V for CuSCN-20 (Figure 115-Figure 117). 

 

 

Figure 115. Measured peak open-circuit voltage output of (a) CuSCN-10 and (b) CuSCN-20 

devices. 

 



 Surface Modified ZnO-Based Devices 
 

 

203 

 

 

Figure 116. Measured peak short-circuit current density output of (a) CuSCN-10 and (b) 

CuSCN-20 devices. 

 

Figure 117. Resistive load matching across optimum load resistance for (a) CuSCN-10, (b) 

CuSCN-20 devices. 
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Table 26. Voc, Jsc and PL of PDOT-A1, A2, CuSCN-2, CuSCN-10 and CuSCN-20 devices. 

Device Name Peak Open-
Circuit 
Voltage 

Peak Short-
Circuit 

Current 
Density 

Peak Power 
Density 

Load 
Resistance 

 Voc (mV) Jsc (mA/cm2) PL (µW/cm2) RL (kΩ) 
     

PDOT-A1 225 0.8 54 2.019 

PDOT-A2 212 0.715 41.07 1.387 

CuSCN-2-1 260 1.2 115 1.15 
CuSCN-2-2 330 1.2 140 1.4 

CuSCN-10-1 900 1.3 318.71 5.15 

CuSCN-10-2 708 1.04 225.25 4.3 

CuSCN-10-3 403 0.6 53 2.02 

CuSCN-10-4 634 0.56 91.12 3.54 

CuSCN-20-1 1070 1.88 434.33 6.22 

CuSCN-20-2 675 1.1 242.68 2.94 

CuSCN-20-3 952 1.6 344.5 4.3 

CuSCN-20-4 454 1.02 87.8 1.67 

 

The ranges of Voc generated for both CuSCN-10 and CuSCN-20 was varied from 

400 mV to 1 V which showed a significant device-to-device variation (Table 26). 

There were two possible causes of this: parasitic effects of Rs and Rsh and inadequate 

coverage of CuSCN coating. Firstly, the losses caused by Rs and Rsh were 

unavoidable and they had adversely affected devices in every device group studied in 

this thesis. But in the presented case, it was not possible to study the Rs and Rsh 

effects on CuSCN-coated devices’ performance. This was because, as explained 

earlier, the J-V characteristic curves for these devices were different from standard 

p-n junction diode curve due to the presence of two diodes: CuSCN/ZnO diode and 

PEDOT:PSS/ZnO diode. Hence, the Rs and Rsh calculation from two overlapping 

diode curves could be misleading. However at the same time, the reason of a wide 

device-to-device variation could also be linked with inadequate coverage or variation 

of coverage of CuSCN from sample to sample. The CuSCN spray-coating was 

performed manually therefore it was not completely uniform throughout each 

nanorod array sample. As shown in Figure 107, there were some nanorods around 

which clusters of CuSCN were formed and in some areas CuSCN coating was not 

apparent, which indicated non-uniform coverage. Therefore, the devices with lower 

Voc (400 – 700 mV) could have also been affected by lower coverage of CuSCN on 
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their nanorods. Hence, in such case the internal screening in the non-coated rods was 

not suppressed, which caused a drop of Voc and other performance parameters. 

 

Table 27. Performance parameters of best selected devices from each group. 

Device PDOT-A1 CuSCN-2-2 CuSCN-10-1 CuSCN-20-1 

Open Circuit Peak Voltage 

(mV) 
225 330 897 1070 

Short Circuit Peak 

Current Density (mA/cm²) 
0.8 1.2 1.3 1.88 

Load Resistance (kΩ) 2 1 5 6 

Peak Power Density 

(μW/cm²) 
54 140 319 434 

Energy Density (nJ/cm
2
) 17 78 175 256 

Charge Displaced (nC/cm
2
) 247 280 647 848 

RC Time Constant (ms) 0.068 0.11 1.001 1.137 

 

To explain the effects of CuSCN on device performance, the device-to-device 

variation was ignored and the best performance devices, CuSCN-2-2, CuSCN-10-1, 

CuSCN-20-1, were studied for surface passivation effects (Table 27). Similarly, for 

comparison with non-coated device PDOT-A1 device was also considered. As 

discussed earlier, the non-coated PDOT-A1 device generated 225 mV and 

54 µW cm
-2

 across an optimum load of 2 kΩ. The Voc and PL were observed to 

increase to 330 mV and 140 µW cm
-2

 for 2 coats of CuSCN-based device CuSCN-2-

2. Similarly, when the number of coats were further increased, the CuSCN-10-1 

generated 900 mV but, the highest peak voltage observed was 5 times higher than 

the non-coated device, which was 1.07 V and generated by CuSCN-20-1 device. 

Similarly, an increase in the voltage-driven current density was also observed: from 

0.8 mA cm
-2

 for PDOT-A1, the current density increased to 1.3 mA cm
-2

 and 

1.88 mA cm
-2

 for CuSCN-10-1 and CuSCN-20-1 devices. Hence, the CuSCN-20 

device generated the highest peak power density of 434 µW cm
-2

 across an optimal 

load of 6 kΩ which was 8 times higher than 54 µW cm
-2

 generated by the non-coated 

device across 2 kΩ. In addition, the calculated energy density of the CuSCN-20-1 

device was also observed to be 10 times higher than that of the non-coated device.  

Therefore, the results for non-coated and coated ZnO devices indicated that CuSCN 

loading had modified the surface properties of ZnO. It was believed that 2 nm - 4 nm 



 Surface Modified ZnO-Based Devices 
 

 

206 

 

thick CuSCN loading suppressed the defect and impurity sites on ZnO. This in return 

reduced the surface-induced free-charge carrier concentration and hence the rate of 

internal screening of piezoelectric polarisation decreased. As a result, the peak 

voltage and current output of the devices increased. Therefore, the peak power 

density of the devices was also increased from 54 µW cm
-2

 for non-passivated device 

to 8 times with the highest loading of CuSCN. In addition, as explained earlier, the 

increase in loading of CuSCN from 2 coats to 10 and 20 coats actually increased the 

surface coverage of ZnO, which increased the suppression of active parasitic surface-

states in CuSCN-10 and CuSCN-20. As a consequence, the surface-state induced 

carriers in ZnO reduced and the rate of flow of free-charge carriers in polarised ZnO. 

Consequently, the screening rate in CuSCN-coated devices decreased, causing an 

increase in their Voc. This concept is further illustrated using the impedance analysis 

results in later sections of this chapter. 

Jaffe et al. (2010) 
24

 demonstrated through XPS analysis that, CuSCN is formed of 

Cu
+
 ions ionically bonded to SCN

-
 ions 

2,24
. The Cu

+
 ions were identified to be 

present in both isolated CuSCN films 
24

 and CuSCN coated onto TiO2 in a similar 

fashion to the CuSCN coating on ZnO used in the presented work 
25

. When 

considering the similar tetragonal bonding arrangement in ZnO 
24

, it is likely that the 

bonding of CuSCN to the ZnO surface is ionic in nature. Hence CuSCN was 

considered to chemisorb and form new bonds on ZnO surface. This chemical 

bonding could have reduced the density of defects on the ZnO surface and therefore 

reduce the carrier concentration in the ZnO.  

Another characteristic of CuSCN that can be suggested to be effective in reducing 

the carrier density of ZnO is its p-type nature. The p-type CuSCN and n-type ZnO 

based ITO/ZnO/CuSCN/Au device discussed in section 7.1.1 produced a diode with 

rectification ratio 
26

, indicating the formation of a depletion region at the 

ZnO/CuSCN interface. The presence of depletion region on ZnO surface could have 

reduced the carrier transport from any surface species into ZnO. A similar surface 

modification work also confirmed the formation of depletion region at copper 

phthalocyanine (CuPc)/ZnO when 20 nm p-type CuPc was coated onto n-type ZnO 

nanowires 
2,16

. 
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Optimum load resistance RL, across which maximum power density was obtained, 

also increased for passivated-devices. For non-coated device PDOT-A1 the RL was 

2 kΩ, which further increased to 5 kΩ and 6 kΩ for CuSCN-10-1 and CuSCN-20-1 

devices. Theoretically, as described by maximum power transfer theorem, this 

increase in optimum load RL is linked with increase in device resistive internal 

impedance (Rint) 
27

: the power output of a device (power generator) is optimised 

when the connected complex load is equal to its internal impedance. In the presented 

case, the connected load was not complex (R + jX), but the increase in RL was 

considered to be associated with increase in Rint. 

Therefore, for analysis on RL and Rint, impedance analysis was performed on each 

device from 40 Hz – 110 MHz and represented as the Nyquist plots (Figure 118 - 

Figure 121) and Rint was calculated obtained from the real axis impedance on 

Nyquist plot. It was observed that, similar to RL, the Rint of CuSCN-coated devices, 

was increased with increase in CuSCN layers in the device. For PDOT-A1 the 

internal impedance was 2 kΩ which increased to 12.5 kΩ and 12 kΩ for CuSCN-10-

1 and CuSCN-20-1. This was linked with addition of layers of CuSCN which are 

speculated to increase the Rs of device. Hence, it was confirmed by the impedance 

analysis that the increase in RL was associated with increase in Rint of CuSCN-coated 

devices.  

It was also observed that the increase in Rs due to increase in CuSCN layers did not 

reduce the PL of devices. This result was contrary to the results of PDOT-2K/A, 

PDOT-2K/B and PDOT-1K devices (Chapter 5): the devices whose Rint or RL was 

increased due to Rs (for e.g. PDOT-1K devices) had undergone a decrease in PL 

output. This was because the increase in Rs had increased the I
2
Rs 

28
 resistive losses 

in the device. For the presented case of CuSCN-coated devices, an increase in 

CuSCN layers was considered to increase the Rs of devices but it also increased the 

surface coverage of ZnO and reduced the screening rate. Resultantly, the Voc, Jsc and 

PL of devices improved to 320 µW cm
-2

 (CuSCN-10-1) and 434 µW cm
-2 

(CuSCN-

20-1). Moreover,
 
the increased Rs was reflected as increased RL of 5 kΩ and 6 kΩ 

for CuSCN-10-1 and CuSCN-20-1. 

For CuSCN-2 devices, the optimum load resistance RL of 1.15 – 1.4 kΩ and internal 

impedance of 0.93 – 1 kΩ were lower than PDOT-A1 device (Table 26). This was 
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believed to be related with parasitic effects of Rs and Rsh; since Rs and Rsh affect the 

resistive internal impedance as well as the RL of devices. To elaborate, it was 

analysed from the previous results of PDOT-2K/A, PDOT-2K/B, PMA-2K and 

PMA-3K devices (Chapter 5 & 6) that the decrease in Rint or RL was mainly caused 

by decrease in device Rsh. Hence, for CuSCN-2 devices, it was speculated that 

decrease in Rsh was linked with the reduction in its overall internal impedance. This 

reduced Rsh was considered to be the adverse effect of device short-circuits. 

However this decrease in RL and Rsh hadn’t adversely affected its PL, because the 

effect of CuSCN-induced reduction in screening rate was more pronounced. 

Therefore, the CuSCN-2 devices although had lower RL than PDOT-A1 but higher 

Voc, Jsc and PL.  

 

 

Figure 118. Nyquist plots of impedance analysis of PDOT-A1 and A2 devices. 

2.33 kHz

3.72 kHz
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Figure 119. Nyquist plots of impedance analysis of CuSCN-2 devices. 

In addition to resistive internal impedance, the Nyquist plots were also used to 

determine RC time constants (τRC) of the devices. This was obtained from the largest 

diameter arcs labelled with their resonant frequency (fc) using the relation τRC = 
1

2πfc
  

29
 (Figure 118 - Figure 121).  In an RC circuit, at high frequencies (f  α), the 

impedance is completely capacitive and at low frequencies (f 0), it is resistive. The 

RC time constant is associated with a characteristic frequency called ‘critical 

frequency’ fc at which the impedance is both resistive and capacitive in nature. 

Therefore this critical frequency of a circuit determines the duration it takes for its 

capacitor to charge and discharge in the presence of resistive and reactive 

impedance. Therefore, at critical frequency the resistive and capacitive components 

of the circuit impedance are ideally in phase 
29

.  

From the critical frequencies, the time constants for PDOT-A1, CuSCN-2-1, 

CuSCN-10-1 and CuSCN-20-1 were calculated as 0.068 ms, 0.11 ms, 1.001 ms and 

1.14 ms respectively. It was therefore observed that, a step increase in the CuSCN 

deposition increased the device time constant as well as its Voc. Since we know that, 

2 kHz

1.43 kHz
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due to surface passivation and suppression of ZnO surface states, the rate of ZnO 

internal screening associated with free-charge carrier flow reduced. Due to which, 

the duration of polarisation of strained-ZnO increased. Therefore it was proposed 

that this duration of retention of polarisation charges in ZnO was linked with 

devices’ RC time constant. That is to say, the device RC time constants was 

associated with the rate of internal screening in ZnO. Thus, for non-passivated-ZnO 

device PDOT-A1, the RC time constant was two orders of magnitude lower than the 

passivated-ZnO devices; which indicated that the duration of retention of polarised 

immobile charges in ZnO was higher for CuSCN-2, CuSCN-10 and CuSCN-20 

devices. Consequently, for CuSCN-coated devices the internal screening rate was 

lowered which caused their Voc to increase. This concept has been further elaborated 

in section 7.2.  

 

Table 28. Devices’ critical frequency and time constants derived from their Nyquist plots. 

Device Name 
Peak Open-

Circuit Voltage 
Critical Frequency 

Calculated Time 
Constant 

  Voc (mV) fc (Hz) τRC (msec) 
    

PDOT-A1 225 2.33 k 0.068 

PDOT-A2 212 3.72 k 0.042 

CuSCN-2-1 260 2.0 k 0.07 

CuSCN-2-2 330 1.43 k 0.11 

CuSCN-10-1 900 159 1 

CuSCN-10-2 708 378 0.42 

CuSCN-10-3 403 837 0.19 

CuSCN-10-4 634 438 0.36 

CuSCN-20-1 1070 140 1.14 

CuSCN-20-2 675 717 0.22 

CuSCN-20-3 952 199 0.8 

CuSCN-20-4 454 438 0.36 

 



 Surface Modified ZnO-Based Devices 
 

 

211 

 

 

Figure 120. Nyquist plots of impedance analysis of CuSCN-10 devices. 
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Figure 121. Nyquist plots of impedance analysis of CuSCN-20 devices. 
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Table 29. Performance parameters of PDOT-A1, A2 and CuSCN-2 devices. 

Device Name Peak Open-Circuit 
Voltage  

Peak Short-Circuit 
Current Density 

Peak Power 
Density 

Load Resistance Energy 
Density 

Real Impedance 

  Voc (mV) Jsc (mA/cm2) PL (µW/cm2) RL (kΩ) EL (nJ/cm2) Rint (kΩ) 

    Measured/Calculated Manual/Decade Box     Performed/Not Performed 

       

PDOT-A1 225 0.8 54 2.019 17 2 

REMARKS   Measured Decade Box       

       

PDOT-A2 212 0.715 41.07 1.387 22 1.28 

REMARKS   Measured Decade Box       

       

CuSCN-2-1 260 1.2 115 1.15 64 0.93 

REMARKS   Measured  Decade Box        

       

CuSCN-2-2 330 1.2 140 1.4 78 1 

REMARKS    Measured  Decade Box       
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Table 30. Performance parameters of CuSCN-10 and CuSCN-20 devices. 

Device Name Peak Open-Circuit 
Voltage  

Peak Short-Circuit 
Current Density 

Peak Power 
Density 

Load Resistance Energy 
Density 

Real Impedance 

  Voc (mV) Jsc (mA/cm2) PL (µW/cm2) RL (kΩ) EL (nJ/cm2) Rint (kΩ) 

    Measured/Calculated Manual/Decade Box     Performed/Not Performed 

       

CuSCN-10-1 900 1.3 318.71 5.15 175 12.5 

REMARKS   Measured  Decade Box       

       

CuSCN-10-2 708 1.04 225.25 4.3 125 8.15 

REMARKS    Measured  Decade Box       

       

CuSCN-10-3 403 0.6 53 2.02 29 4 

REMARKS    Measured  Decade Box       

       

CuSCN-10-4 634 0.56 91.12 3.54 50 6 

REMARKS   Calculated across 100Ω  Decade Box       

       

CuSCN-20-1 1070 1.88 434.33 6.22 256 12 

REMARKS    Measured  Decade Box       

       

CuSCN-20-2 675 1.1 242.68 2.94 134 4.27 

REMARKS    Measured  Decade Box       

       

CuSCN-20-3 952 1.6 344.5 4.3 191 10.8 

REMARKS    Measured  Decade Box       

       

CuSCN-20-4 454 1.02 87.8 1.67 49 5.5 

REMARKS   Calculated across 100Ω  Decade Box       
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7.2. A Theoretical Approach to Understand the Effect of ZnO 

Surface Passivation on Device Internal Screening  

A piezoelectric material under strain-induced polarisation charges allows internal 

flow of free-charge carriers which suppress the field of polarisation. This 

compensation of immobile polarisation charges by mobile charges is referred to as 

internal polarisation screening. That is to say, the screening rate, which depends on 

the rate of flow of free-carriers, affects the retention of polarisation charges in ZnO. 

Therefore, in comparison with a faster screening rate, a slower rate is believed to 

allow voltage to develop to a higher peak value before it is screened to zero 
4
. Owing 

to the presence of mobile carriers, screening effect in piezoelectric material is 

unavoidable; however, if the rate is slowed, the duration of polarisation of ZnO can 

be increased and therefore the measured peak voltage can be increased. Therefore, 

the carrier concentration in ZnO was reduced using surface passivation, which 

reduced the flow of mobile charges in polarised ZnO. As a result, the measured peak 

voltage output of the devices increased to 4 times with the maximum surface area 

coverage of surface modifier. The impedance analysis provided a measure of device 

RC time constants, which were believed to be related to the duration of retention of 

polarisation charges. Since, the device which generated the highest peak voltage had 

the highest duration of RC time constant. Therefore, the RC time constants were 

correlated with the device peak voltage output.  

We demonstrate the screening concept using a lossy capacitor model, in which the 

dielectric material ZnO is represent as a lossless parallel plates capacitor in parallel 

with a leakage resistance. The leakage resistance is tuned by the conductivity of ZnO 

which means that it represents flow of free-charge carriers. The electric dipole 

caused by the separation of the polarisation charges result in the development of 

depolarisation field (Edep). The depolarisation field strength depends on the retention 

of stored charges by the parallel plates of capacitor. Therefore, increase in 

depolarisation field causes increase in the developed potential difference. The field 

opposite in direction of depolarisation field is the screening field which depends on 

ZnO carrier concentration 
2
.  

The surface state-induced carrier concentration affect the conductivity of ZnO which 

is represented by the leakage resistance. When ZnO is polarised, the strain-induced 
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dipole moment develops the depolarization field (Edep). This causes the flow of 

internal charge carriers which cause screening of polarisation charges. This 

screening field is represented as Escr and it is in a direction opposite to Edep. In non-

coated ZnO, the Escr is enhanced due to the lowered leakage resistance and higher 

surface-induced conductivity (Figure 122(a)). This tends to screen the retained 

polarization charges at a higher rate when compared to coated-ZnO (Figure 122(b)). 

This means, the increase in screening rate reduces the duration of retention of 

polarisation charges. Therefore, as indicated by the time constant (τRC) results, due to 

lower screening rate the duration of retention of polarized charges of the coated ZnO 

devices (τRC = 1.001 ms and 1.14 ms) was two orders of magnitude higher than the 

non-coated ZnO devices (τRC = 0.068 ms). This had caused the voltage outputs of 

CuSCN-10-1 and CuSCN-20-1 devices were 900 mV and 1.07 V respectively, which 

were 4 times higher than the 225 mV measured from non-passivated ZnO devices 
2
. 

 

 

Figure 122. Modelling of piezoelectric voltage source. 

Polarised ZnO nanorod is represented as a parallel plate capacitor and its internal impedance is 

modelled as a leakage resistor. The stored charges represent retention of polarisation charges 

which are affected by the screening field (Escr). The retained charges reduce faster in (a) non-

coated ZnO than (b) coated-ZnO 
2
.   

 

To sum up from the above-discussed results, the surface passivation of ZnO 

reduced the surface-induced free charge carrier concentration in ZnO as 
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represented in the schematics and band diagrams shown in Figure 123 (d) and 

(e). Due to this, the rate of screening of polarisation charges Escr decreased and 

the polarised immobile charges retained for a longer duration as indicted by 

the time constants τRC (Figure 123 (a), (c), (e)). The tilted bands Figure 123(d) 

and (e) represent the electric field induced in ZnO upon polarisation. The 

higher rate of flow of internal carriers in non-coated devices caused the band 

tilt to decrease at a faster rate than that of the coated-devices. Therefore, the 

reduced band tilting in non-coated ZnO corresponds to lowered electric field; 

as a consequence of which lower peak output voltage is measured (Figure 123 

(b)). This effect is elaborated by schematic of polarised non-coated nanorod, in 

which the potential difference along the length of the nanorod is low. On the 

contrary, the increased band tilting (Figure 123 (d)) represented higher electric 

field in CuSCN-coated ZnO device; as a consequence of which, higher voltage 

output is measured. This effect is elaborated by schematic of polarised 

CuSCN-coated nanorod, in which the potential difference along the length of 

the nanorod is high. 
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Figure 123. Correlation between device voltage output and its time constant (τRC). 

Nyquist plots of (a) non-coated, (b) CuSCN-10-1 and (c) CuSCN-20-1 devices with time 

constants of 0.068 ms, 1.001 ms and 1.137 ms as indicated on the plots. (d) Band diagrams 

showing higher rate of flow of free charge carriers in non-coated ZnO which caused electric 

field to decrease at a higher rate. Nanorod schematic demonstrated lower potential difference 

built-up across the length of the nanorod. (e) Band diagrams showing lower rate of flow of free 

charge carriers in CuSCN-coated ZnO which caused electric field to decrease at a lower rate. 

Nanorod schematic demonstrated higher potential difference built-up across the length of the 

nanorod 
2
. 

 

7.3. Summary 

The study presented in this chapter details the effects of carrier concentration of ZnO 

on the rate of internal screening of polarisation charges. A method of surface 

modification of ZnO using CuSCN was presented which increased the device power 

density by one order of magnitude. The study provided an in depth analysis on the 

reduction of internal screening rate due to suppression of parasitic sites on ZnO 

surface. It was established that due to modified ZnO surface, the surface-induced 

carrier concentration reduced and therefore the rate of internal screening reduced. 

Consequently, the peak voltage output of the devices increased from 225 mV for a 
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non-coated device to about 1 V for CuSCN-passivated. Using the impedance 

analysis the device RC time constants τRC were calculated and important correlation 

between the device voltage output and its RC time constant was obtained. To 

elaborate, the device RC constant was related to the duration of retention of 

piezoelectric polarisation charges in ZnO, therefore for devices with RC time 

constants τRC in the range of 1 ms, the peak voltage output generated was 900 mV –

 1.07 V (CuSCN-10-1 and 20-1), which was 4 times higher than the devices with 

0.04 – 0.07 ms  time constant and lower voltage output of 220 - 225 mV (PDOT-A1 

and A2). Hence, this analysis technique of RC time constant can be defined as a tool 

to understand the rate of screening of polarisation charges in piezoelectric material. 
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8. Conclusion 

In this research work, nanostructured material-based energy harvesters were 

developed and their output performance was optimised. In addition, repeatable and 

reliable methods of measurements were implemented and quantitative analysis was 

undertaken to understand the effect of loss parameters such as, series resistance (Rs), 

shunt resistances (Rsh) and polarisation screening on device performance. 

The development of ZnO nanorods-based energy harvester started from a basic 

PEDOT:PSS-based device, which was designed as a stacked heterojunction of 

ITO/ZnO/PEDOT:PSS/Au. These types of devices were used for establishing basic 

characterisation techniques such as determination of series and shunt resistance, 

impedance analysis and resistive load matching for power density calculation across 

optimum load. These basic analysis techniques were later implemented on other 

device prototypes and the performance of those devices was assessed in relation to 

their constituent material properties. 

The detailed electrical analysis showed that the most efficient devices comprising of 

basic ITO/ZnO/PEDOT:PSS/Au structure were the PDOT-2K/A devices. These 

devices had Rs and Rsh in the range of 0.08 – 0.17 kΩ and 0.5 – 1.65 kΩ and they 

generated Voc in the range of 90 – 225 mV. Along with PDOT-2K/A devices two 

other groups of devices, PDOT-2K/B and PDOT-1K, were also examined. These 

devices had higher losses than PDOT-2K/A devices. PDOT-2K/B devices were 

affected by lower Rsh of 0.2 – 0.3 kΩ which was caused by high occurrences of 

short-circuits and they generated Voc from 22 – 60 mV. Similarly, the PDOT-1K 

devices were affected by their higher Rs 0.3 – 0.6 kΩ which was caused by 3 times 

higher thickness of the PEDOT:PSS top electrode and they generated Voc of 33 –

 40 mV. In case of PDOT-2K/A devices, the Rsh was sufficiently high caused by 

lesser occurrences of short-circuits and Rs losses did not significantly affect the 

output of devices. Therefore, these devices had the peak power densities across load 

(PL) of 36 - 54 µW cm
-2

, which was higher than 2.5 – 16 µW cm
-2 

generated by
 

PDOT-2K/B and 0.2 – 0.25 µW cm
-2

 generated by PDOT-1K.  
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After establishing techniques to analyse electrical losses and evaluate performance 

parameters, the next target was to study the external screening effects which are 

caused by the electrical properties of the electrodes attached with ZnO. To elaborate, 

the higher conductivity of electrode allows free-charge carriers to flow through 

polarised ZnO and cause the induced electric field to reduce. To study screening 

effect, the bottom electrodes were varied and three different electrodes such as, ITO, 

zinc and silver (Ag) were used. The devices based on ITO electrode called PDOT-

Sm generated the highest Voc of 60 mV which was two orders of magnitude higher 

than the zinc foil based devices. This was attributed to lower external screening 

effects caused by the ITO contact. On the contrary, a contact with metal like zinc, 

allowed a higher rate of external free-charge carriers to flow through ZnO, which 

increased the screening of polarisation. Hence, the voltage output of the zinc-based 

devices dropped. Similarly, the top electrode materials were also varied and study 

was conducted to observe the differences between PEDOT:PSS and PMMA top 

contacts. It was analysed that PMMA, being an insulating material, caused reduction 

of external screening effects but contrariwise, it allowed the device series resistance 

(Rs) to increase. This caused a drop in the PMMA-based power density output. 

Therefore, the PMMA-based device generated 0.4 μW cm
-2

 which was two orders of 

magnitude by the 54 μW cm
-2

 generated by PEDOT:PSS-based device. 

The last analysis was performed to understand the internal screening of polarisation 

caused by surface-states of ZnO. In this regard, ZnO surface was passivated using a 

surface modifier CuSCN and the performance was evaluated for both coated and 

non-coated devices. The results confirmed that the surface defects and impurities 

inject free-carriers into ZnO and cause the rate of internal screening to increase. 

When these surface species were modified by CuSCN, the peak open-circuit voltage 

output of the best performing device increased to 1.07 V from 225 mV generated by 

non-coated device. Similarly, the highest peak power density generated by this 

coated device was 434 μW cm
-2

, which was about 8 times higher than 54 μW cm
-2

 

generated by the non-coated device. 

This research work develops a nanostructured-ZnO based piezoelectric energy 

harvester with various prototypes and analyses their electrical characteristics through 

reliable and repeatable measurements. These characterisation technqiues were the 

key to analyse the parasitic and lossy components in every device prototype; which 
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assisted in recognising the materials responsible for optimum device performance (in 

terms of power density). Hence, a further improvement of these optimum devices led 

to enhanced output generation. 

8.1. Future Work 

8.1.1. Surface Passivation 

In the presented work, the surface of ZnO was modified using spray-coating of 

CuSCN. The spray-coating was performed manually, due to which the surface of 

ZnO was not evenly covered. Therefore, to improve the quality of results it shall be 

beneficial to automate the surface-coating technique. This can be achieved by using 

programmed robotic arm.  

8.1.2. Impedance Matching 

This research work used resistive impedance matching for the measurement of 

power density across optimum resistive load. It was observed that, for all prototype 

of devices that, the optimum resistive load (RL) was linked with the resistive internal 

impedance of the device (Rint); where the Rint was obtained from the impedance 

analysis. However, for a more detailed profile on the effects of internal impedance 

on device power density, it is suggested for the load matching to be performed using 

real and complex impedance elements such as inductor (R + jXL) and capacitors 

((R + jXc). In this manner, impedance load matching using both real and complex 

impedance components would assist in examining the effect of reactive and resistive 

components of impedance on the energy harvesting efficiency of devices. 

8.1.3. Doping of Nanorods 

In addition to surface passivation, the carrier concentration of ZnO can also be 

reduced by doping it with suitable ions of lithium and silver. This work has been 

performed earlier in Schottky-based devices. However, it will be interesting to 

fabricate PEDOT:PSS-based devices with doped nanorods and to observe the effects 

of doping on electrical characterisation of devices. This will essentially be helpful to 

compare the doped-nanorod device performance with surface-passivated device 

performance. 
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8.1.4. Nanorods Aspect Ratio 

Increasing the length of the nanorods increase their bending curvature and therefore, 

a higher strain can be induced into them. Therefore, the nanorods can generate 

higher voltage output and this can lead to increase in power density. Hence, it is 

suggested that the PEDOT:PSS-based device performance can be further enhanced 

by increasing the length of the nanorods. 

8.1.1. p-n-p Device Design 

A device design is suggested which is considered to reduce the external screening 

effects: p-n-p diode-based device. For this device, PEDOT:PSS is suggested to be 

bottom electrode as well as the top electrode i.e. PEDOT:PSS/ZnO/PEDOT:PSS. 

This device is assumed to form p-n junction on the top electrode/ZnO and bottom 

electrode/ZnO junction and reduce the flow of free-charge carriers through ZnO and 

hence improve device voltage output. 


