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ABSTRACT 

Zinc oxide is considered an intriguing semiconductor alternative to the typically employed 

semiconductors. As it provides high thermal and chemical stability, a wide energy bandgap, a 

high electrochemical coupling coefficient, and biocompatibility, it also has a wide range of 

morphologies that can be used various applications. Among them, the ZnO nanowire is one 

of the most researched morphologies. 

There are different synthesis methods available for ZnO nanowire growth. In this work, a 

modified Chemical Bath Deposition method was implemented for ZnO nanowire formation. 

As the Chemical Bath Deposition is a bottom– up solution based synthesis method, it has 

different ions in the solution. By applying external voltage, the ion distribution can be 

manipulated. So a voltage-Assisted Chemical Bath Deposition method was implemented to 

form ZnO nanowire on a Silicon substrate. As different growth condition may effect the 

growth of nanowires, without changing other parameters only changing the applied voltage 

four devices were fabricated. Different characterisation methods such as X-Ray Diffraction 

(XRD) and FESEM imaging for its morphological study , Diffuse Reflectance 

Spectroscopy(DRS) for its optical properties, and Voltage current characteristics for electrical 

properties, were performed to analyse the ZnO nanowire grown on the silicon substrate and 

the effect of the different applied voltages. This study demonstrated the effect of voltage 

assisted chemical bath deposition methods on nanowire growth. 

            To study the Chemiresistive application of the fabricated device, the device was tested 

against Cu (II), Cr(III),Fe(II) and Ni(II) heavy metal ions. The comparative data for four 

devices were analyse using current response of the devices in presence of each heavy metal 

ions. It was established that this device can be used as a chemiresistive sensor for Cu (II) 

ions. 

 

Keywords: ZnO Nanowires, Chemical Bath Deposition(CBD), Voltage –assisted Chemical 

Bath Deposition,  Chemiresistive sensor, Heavy metal Sensor 
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1. INTRODUCTION 

1.1 Background 

Nowadays, semiconductor devices have become a crucial and essential component of 

our everyday lives, and we can't imagine living without them. The present scientific 

achievement in semiconductor devices based on various semiconducting materials is the 

foundation of the modern electronics industry, which includes high-tech computers, 

televisions, mobile phones, and a variety of other products. Furthermore, the modern 

industrial trend is to miniaturise electronic devices and increase their efficiency. The 

semiconductor silicon (Si) maintains its dominant position in the modern electronic industry, 

as it is used to fabricate discrete and very large scale integrated circuits (VLSI) for various 

applications. Furthermore, Si is not an optimal material for optoelectronic devices due to its 

indirect band gap, such as white light emitting diodes (LEDs). To overcome this problem 

GaAs with direct band gap was chosen. The fast growth of information technology has led to 

a significant increase in the demand for ultraviolet (UV) and blue light emitters, which 

exceeds the capabilities of GaAs. Scientists are increasingly interested in so called third-

generation semiconductors like SiC, GaN, and ZnO due to their unique properties in the 

semiconductor industry. 

Researchers have developed a variety of nanostructured metal oxide (e.g., nanowires, 

nanorods, and nanoflowers) that improve the sensitivity and selectivity of gas sensors while 

lowering recovery/response times and operating temperatures (1). ZnO nanostructures' 

exceptional characteristics (electro-optical, piezoelectric, luminescence, biocompatibility, and 

long-term stability) have led to its application in energy conversion, environmental 

monitoring, and chemical/biological sensing (2)(3)(4).  

In light of the fast rise of industry and transportation, concerns of environmental 

contamination by heavy metals, notably lead, mercury, cadmium, and cobalt, are becoming 

increasingly relevant. Many metals create stable organic compounds that dissolve well in 

water and cause heavy metal ions to migrate in aquatic and terrestrial systems, resulting in 

high levels of pollution (5)(6). ZnO nanostructures are interesting opportunities for use in 

these sensors. They are sensitive to a wide range of contaminants, including practically all 

heavy metal ions and organic pollutants, and exhibit excellent adsorption results for the most 

dangerous ions (Pb, Cd, Hg). In general, ZnO is chemically inactive; therefore it will not 
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constitute a secondary source of contamination. Furthermore, ZnO nanostructures can have a 

variety of morphologies, allowing you to tailor the electrical and optical characteristics of the 

nanostructured layer to a specific application without changing the real material. In contrast 

to needle-shaped nanostructures, other varieties of ZnO nanostructures have received less 

attention, and study into such structures might lead to new uses(7). 

 

 

 

1.2 OBJECTIVE 

The aim of this thesis is to develop a two terminal device using Zinc Oxide (ZnO) 

nanowire as a sensing material. There are many top-down and bottom-up approaches 

available for synthesising ZnO Nanowires. In this thesis, a bottom-up approach was 

implemented to grow Nanowire on Silicon (Si) substrate using the voltage-assisted chemical 

bath deposition (CBD) method. Here, a double chemical bath deposition method was used to 

get certain morphologies. The first CBD is used to form a seed layer on the Silicon(Si) 

substrate and the second CBD is used to control the further growth of the ZnO nanowire on 

the seed layered substrate. Also, different voltage levels were used to fabricate those devices. 

The aim of this process was to change the synthesis conditions so that devices with different 

characteristics could be fabricated. The primary goal was to fabricate a heterojunction two-

terminal device that can be used as Chemiresistive sensor and use it to sense different heavy 

metals and volatile organic compounds (VOCs). 

1.3 OUTLINE 

In ‘Literature review’ a brief review work was done on the Zinc oxide(ZnO) as 

sensing material and its different synthesis methods and application, also its detailed 

Chemiresistive application included, a detailed explanation on the target materials(i.e. few 

heavy metals) also was covered. In device fabrication, a voltage-assisted chemical bath 

deposition method was implemented, where a few devices were fabricated by changing the 

growth condition, mainly the applied voltage. The goal was to observe the effect of the 

applied voltage in the fabrication method and characterise those changes due to those 

different applied voltage. Next, those fabricated devices were used to detect heavy metals in 

water, where the selectivity and sensitivity of those devices were characterised.  
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2. LITERATURE REVIEW 

 

 

In this section, a brief explanation of zinc oxide, its properties, and its application, along with 

sensors and heavy metals, is provided. 

  

 

2.1. Zinc Oxide(ZnO) 

ZnO has a hexagonal (wurtzite) crystal structure with lattice parameters a = 3.25 Å and c 

= 5.12 Å. The significant difference in electronegativity (Oxygen = 3.44 and Zinc = 1.65) is 

responsible for the strong ionic interaction between them. In wurtzite formations, zinc (Zn) 

atoms are tetrahedral in coordination with four oxygen (O) atoms stacked alternatively along 

the c-axis. In general, the ZnO unit cell is neutral, with one oxygen anion surrounded by four 

zinc cations at each corner of a tetrahedron, and vice versa. The distribution of cations and 

anions can assume particular arrangements as established by crystallographic techniques, 

resulting in positively or negatively charged surfaces known as polar surfaces. These polar 

ZnO surfaces consist of nontransferable and unchanging ionic charges, and their surface 

interaction is determined by their distribution. As a result, the structures have been formed 

with little electrostatic energy, allowing for the creation of polar surface-dominated 

nanostructures. This amazing phenomenon leads to the construction of various ZnO one-

dimensional (1D) nanostructures such as nanowires, nanorods, nanotubes, nanospring, 

nanocages, nanobelts, and so on (8).  
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Fig2.1 The hexagonal wurtzite structure of ZnO. The red circle represents the zinc ions and 

white circle represents the oxygen ions coordinated tetrahedral. 

The wurtzite structure of ZnO has four common surfaces: two polar (Zn (0001) and O (000 ̅1) 

with terminated faces along the c axis, and two non-polar (11 20) and (10 ̅10) faces with an 

equal number of zinc (Zn) and oxygen (O) atoms. ZnO has distinct chemical and physical 

characteristics because to its polar surfaces. The most frequent polar surface is the basal 

plane. In the presence of polarised charged ions, distinct surfaces, such as positively charged 

Zn-(0001) and negatively charged O-(000 1) polar surfaces, are formed, resulting in a normal 

dipole moment, spontaneous polarisation along the c-axis, and a divergence in surface 

energy. Polar surfaces often contain facets or extensive surface reconstructions to ensure 

stability. However, ZnO (0001) and (000 ̅1) are exceptions since it is atomically flat, stable, 

and does not require reconstruction (9). At comparatively low external hydrostatic pressures, 

ZnO can be converted into rocksalt (NaCl) structures in addition to wurtzite. At around 10 
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GPa, ZnO undergoes a pressure-induced phase shift from wurtzite (B4) to rock salt (B1) (10). 

ZnO has various benefits over existing devices constructed of other wideband 

semiconductors, the most prominent of which is its high exciton binding energy of 60 meV at 

ambient temperature, as opposed to its equivalent GaN (25 meV). This increased exciton 

binding energy is responsible for increasing the efficiency of light emission (11). 

 

2.1.1.  Physical Properties 

 

 Table 2.1 shows a few basic physical properties for ZnO at ambient temperature (11-

15).  
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NO Parameters Values 

1 Lattice constants at 300 K a = 0.32495 nm, c = 0.52069 nm 

2 Molecular mass 81.389 g/mol 

3 Density 5.67526 g/cm
3 

4 Melting point 2250 K 

5 Hole effective mass 0.59 m0 

6 Electron effective mass 0.28 m0 

7 Static dielectric constant 8.656 

8 Bandgap energy at 300 K ~3.37 eV 

9 Refractive index 2.008, 2.029 

10 Exciton binding energy 60 meV 

11 Thermal conductivity 0.6 – 1.16 W/Km 

12 Specific heat 0.125 cal/g°C 

13 Electron mobility ∼210 cm2/Vs 

14 Thermal constant  1200 mV/K 

 

Table 2.1 Basic physical properties for ZnO at ambient temperature. 

 

2.1.2.  DEFECTS AND EMISSION PROPERTIES 

 The opto-electric characteristics of semiconductor materials are primarily determined 

by the intrinsic and extrinsic defects present in their crystal structures. Researchers have 

recently focused on the optical properties of ZnO, particularly ZnO nanostructures, due to its 

wide band-gap (~3.37 eV at room temperature), making it a promising material for photonic 

applications in the UV or blue spectral range. Additionally, the high exciton-binding energy 

(60 meV), which is much larger than that of GaN (25 meV), allows for efficient excitonic 

emission even at room temperature. ZnO's efficient radiative recombinations have made it a 
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desirable material for optoelectronics applications. The PL spectra indicated an ultraviolet 

(UV) emission band as well as a large visible emission band. The UV peak is often noticed as 

a result of transition recombination of free excitons (F.E) at the band edge of ZnO. Excitons 

may have behaviours, such as being free and able to flow through the crystal or being bound 

to donors and accepters with neutral or charged states (16). Changes in the optical and 

electrical characteristics of ZnO can be caused by deep level defects in its crystal structure. 

These flaws can be created during the synthesis process or by other procedures like as post-

annealing or ion implantation. The cause of intrinsic emission from ZnO is particularly 

debatable due to the existence of native point defects in the structure. The ZnO structure has 

donor and accepter energy levels, which are located below and above the conduction band 

(CB) and valence band (VB), respectively, and are responsible for near-band edge emissions. 

The emission of the whole visible area (400-750 nm) is caused by the presence of distinct 

deep energy levels contained within the bandgap (11, 16-26). There are three types of defects 

seen in the crystal structure: line defects, point defects, and complex defects. Line defects 

resulted from interruptions in atom rows, whereas point defects are caused by solitary atoms 

in localised regions, and complex defects are created when many point defects merge. 

Extrinsic point defects occur when impurities/foreign atoms are absorbed into the structure, 

whereas intrinsic defects only affect the host atoms. The intrinsic optical recombination 

happened between the electrons and holes present in the CB and VB respectively (17). 

Furthermore, the deep level emission (DLE) band or the whole visible range (400-750 nm) in 

ZnO has previously been linked to the existence of numerous inherent flaws in the structure, 

such as the oxygen vacancies (VO), oxygen interstitial  (Oi), zinc vacancies (VZn) , zinc 

interstitial (Zni) and oxygen anti-site (OZn) and zinc anti-site (ZnO) (24-37). ZnO crystal 

structures have two distinct types of intrinsic vacancy defects: oxygen vacancy (Vo) and zinc 

vacancy (Vzn). The green emission from ZnO is caused by the existence of single ionised 

oxygen vacancies. However, in the event of zinc-rich growth, the oxygen vacancy has lower 

formation energy than the zinc interstitial and dominates, whereas doubly ionised oxygen 

vacancies are responsible for the red emission from ZnO (38). The zinc vacancies are 

additionally believed to be the main source of blue emission in ZnO. The blue emission is 

caused by recombination between the zinc interstitial (Zni) and Vzn energy levels, which 

corresponds to about 2.84 eV (436 nm). The two most common defects found in ZnO 

structures are oxygen interstitial (Oi) and zinc interstitial (Zni). Zinc interstitial defects, 

located at ~ 0.22 eV below the CB, contribute significantly to visible emissions in ZnO 
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through recombination between Zni and other deep-level defects such as oxygen and zinc 

vacancies. Oxygen interstitials are the primary source of blue, red, and green emissions in 

ZnO (39). Oxygen interstitial defects are typically located at 2.28 eV below the CB and 

produce orange-red emissions in ZnO. Oxygen interstitial defects are also responsible for 

yellow emission (40-42). Anti-site defects are defects that occur in the ZnO structure as a 

result of occupying the incorrect lattice location, such as when zinc occupies the oxygen 

position or oxygen fills the zinc position in the lattice. A few more kinds of defects exist in 

ZnO, such as cluster defects, which result from the merger of several point defects. Such 

cluster defects may also be developed when the point and extrinsic defects such as VO Zni 

cluster, which is formed because of to the merger of oxygen vacancy and zinc interstitial, and 

it has been reported that it has a location at 2.16 eV below the CB (34). 

Subsequently the extrinsic defects also can explain some other emission characteristics of 

ZnO. Ü. Özgür et al. explained in their work that Excitons bonded to extrinsic defects such as 

Li and Na accepters in ZnO structures cause UV emissions at 3.35 eV (17). The emission 

from copper impurities in ZnO is measured at 2.85 eV. Similarly, after doping Li in ZnO thin 

film, a yellow emission was seen at 2.2 eV below the CB with the Li-related defects (43-44). 

The emission spectra obtained from ZnO showed that it has a high potential to generate 

luminescence over the whole visible range and has an excellent prospects as a low-power 

white light generating source. 

 

2.1.3.  Electrical Properties Of ZnO 

 

 The electrical behaviour of ZnO nanostructures is crucial in determining their 

suitability for use in Nano-devices and Nanoelectronics. Ü. Özgür et al. explained in their 

work that Undoped ZnO nanostructures are typically n-type, as documented in the literature, 

due to the existence of native defects in their crystal structure, such as oxygen vacancies and 

zinc interstitials. The numerical values of the electron mobility in a ZnO nanostructures in an 

undoped condition are estimated 120 to 440 cm2 V/s at ambient temperature, which may also 

change as various synthesis methods produce variable morphology, which could impact the 

parameter (17).  It has also been reported that following doping of ZnO, the maximum carrier 

concentration for holes and electrons, i.e., 10^19 cm-3 and 10^20 cm-3, were attained. The 
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carrier mobility has decreased when compared to the undoped ZnO caused by the carrier 

scattering mechanism, which comprises ionised impurity, non-ionized impurity, polar optical-

phonon, and acoustic phonon scatterings (17). At room temperature, electron and hole 

mobility was predicted to be 200 cm2 V/s and 5–50 cm2 V/s, respectively. Similarly, the 

effective mass of electrons and holes were calculated to be 0.24 and 0.59 m0, respectively. 

As a result of the significant variations in their effective masses, holes have far lower 

mobility than electrons (45).  ZnO is naturally an n-type semiconductor, owing to the 

following inherent and extrinsic defects: oxygen vacancies (v0), zinc interstitials (Zni), 

hydrogen interstitials (Hi), and substitutional hydrogen (H0). The substantial number of n-

type defects makes it difficult to achieve consistent p-type conductivity in ZnO. Certain 

defects and dopants can enhance p-type behaviour, such as Zinc Vacancies (vzn), Oxygen 

Interstitials (oi), Group I (Li, Na, K) Dopants, and Group V (N, P, As) Dopants(17, 46-51). 

 

2.1.4.  ZnO Growth Methods 

 

 Zinc oxide can be synthesised in a vast array of morphologies by using a vast range of 

methods. Here, the use of these deposition techniques towards the growth of different ZnO 

morphologies is detailed. Depending on the desired application and morphology, different 

techniques have their uses. In this regard, the chemical bath deposition (CBD) of ZnO 

nanostructures is the most attractive due to its lower complexity, process flexibility, low cost, 

and adequate quality of the produced material. Considering this, ZnO nanowires (NWs) have 

become one of the most studied ZnO morphologies.  

 

2.1.4.1.  Gas phase ZnO growth methods 

 

 A simplistic categorisation of ZnO deposition methods may be established by 

considering their working phase, such as liquid or gas phase development. While liquid phase 

methods are generally utilised for the creation of any dimension (3D, 2D, or 1D) 

nanomaterials, gas phase techniques are mostly employed for two-dimensional (2D) materials 
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(thin films). Gas phase methods require that the zinc precursor be in the gas phase prior to 

deposition.  

Pulsed Laser Deposition (PLD) - A gas phase method is pulsed laser deposition 

(PLD), a kind of physical vapour deposition. ZnO thin film deposition using PLD is based on 

the ablation of a ZnO target (52), also a precursor, such dimethylzinc, within a vacuum 

chamber that includes an inert gas (i.e. argon or nitrogen) and a reactive background gas 

(oxygen or a gas phase oxide) that works as an oxygen donor (53). To ablate the subject, a 

high intensity pulsed laser is employed. The as-deposited films' characteristics may be 

modified by tweaking the laser energy and wavelength, the pulse repetition rate, the number 

of pulses, and the substrate temperature. 

Fig 2.2 a simple schematic diagram explaining the Pulse Laser Deposition process. 

(Source-https://www.sputtertargets.net/blog/an-introduction-to-pulsed-laser-

deposition-pld.html) 
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 Sputtering - Sputtering is another method often used to produce ZnO thin films. In 

summary, inert gas plasma (typically argon) is created in a vacuum chamber containing a 

ZnO target. When this plasma gets adjacent to the target's surface, it has enough ionisation 

energy to take atoms from the surface (54-55). 

Fig 2.3 Schematic diagram describing Sputtering deposition process 

(Source - http://clearmetalsinc.com/technology/) 

 

Molecular beam epitaxy (MBE)  - Molecular beam epitaxy (MBE) is an alternative PVD 

process. MBE is an ultrahigh vacuum technology that relies on the controlled evaporation of 

zinc and the production of ZnO by contact with oxygen gas injected into the chamber. MBE 

is a technology for the controlled deposition of high quality epitaxial ZnO thin films. MBE 

provides an accessible method for the doping of ZnO. This is vital to the use of ZnO in 

advanced electrical devices. It has two major drawbacks: the need for costly substrates for 

epitaxial deposition of the material (usually sapphire) and the poor deposition rate, which 

limit the use of MBE-grown ZnO in industry. Nonetheless, it remains an extremely useful 

research tool for research on high-quality epitaxial ZnO films (56-57). 

 

http://clearmetalsinc.com/technology/
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Fig 2.4 Schematic diagram illustrating a Molecular beam epitaxy system. 

(Source - 

https://www.researchgate.net/publication/256143230_Basics_of_Molecular_Beam_Epitaxy_

MBE_technique) 

 Chemical Vapour Deposition (CVD) - Gas phase methods based on chemical 

vapour deposition (CVD) have been heavily studied for ZnO deposition. A CVD method 

involves exposing a substrate to a volatile precursor, which then reacts or decomposes on the 

substrate's surface, resulting in the deposition of the target material. CVD precursors are 

delivered into a deposition chamber via an inert carrier gas (e.g. nitrogen), and the deposition 

substrate is held at high temperatures (450°C to 900°C, depending on the procedure).  

Instead of employing a ZnO precursor, metal-organic (MO) precursors such as diethylzinc or 

zinc acetate can be utilised in a technique known as metal-organic chemical vapour 

deposition (MOCVD). One of the most significant advantages of CVD is that it may be 

utilised to create 2D morphologies like NWs. This sort of CVD method involves gold-

catalyzed growth, in which gold droplets are strategically positioned on the substrate to serve 

as seeds for NW development. Following the deposition of the gold catalytic structures on the 

surface, ZnO vapour is injected into the deposition chamber while the substrate is kept at a 

high temperature (around 850°C). This ZnO interacts with the gold droplet seeds, generating 

zinc complexes that constitute the foundation for the formation of ZnO NWs (58). 
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Fig 2.5 a simple diagram representing the Chemical Vapour deposition (CBD) process 

(Source - https://news.mit.edu/2015/explained-chemical-vapor-deposition-0619)  

Atomic layer deposition (ALD) - Atomic layer deposition (ALD) is a CVD process 

that involves periodically pulsing and purging zinc oxide precursors. This approach may be 

used to generate thin films as well as 2D nanostructures (59).  
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2.1.4.2.  Liquid Phase ZnO Growth Methods 

 

Liquid phase methods provide an appealing alternative to gas phase procedures. The sol-gel 

deposition process is used for developing ZnO thin films with controllable thicknesses. It is 

based on the creation of a solution containing a zinc precursor, which is subsequently 

deposited on a substrate using methods such as dip or spin coating. This is one of the 

approaches employed here to deposit ZnO seed layers for ZnO NW development. 

solvothermal synthesis  - The most significant and widely used liquid phase zinc oxide 

growth technique is solvothermal synthesis. Solvothermal growth refers to any procedure in 

which a material crystallises inside a liquid solution (often water for ZnO, henceforth referred 

to as hydrothermal synthesis) at high temperature (70°C to 300°C) and high pressure. The 

growth solution includes the precursors needed to develop the desired substance. To attain the 

high temperature and requisite high pressure, an autoclave is a Teflon-lined stainless-steel 

pressure vessel is used. Controlling the temperature, filling, pressure, and concentration of the 

precursors in the growth fluid allows for a high degree of control over the creation of the 

desired material. Hydrothermal growth has long been utilised as a high throughput, high 

quality, and reproducible method for growing bulk crystals of a wide range of materials. The 

substance resulting from this growth will be either powder or substantial crystals. In the 

instance of ZnO, hydrothermal growth has been employed to create a wide variety of distinct 

morphologies such as NWs, hollow spheres, and nanoparticles (60-63).  

 

 

Fig 2.5 Schematic diagram to present the steps required for Solvothermal synthesis process. 
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(Source - https://www.researchgate.net/figure/Schematic-diagram-of-solvothermal-synthesis-

method_fig1_375771276) 

 

Chemical Bath Deposition (CBD). - In this study, all ZnO NWs were produced on seeded 

substrates using a hydrothermal growth process called chemical bath deposition (CBD). CBD 

is a liquid phase approach based on immersing a substrate in the growth solution containing 

the precursors, such that the growth occurs on the substrate. Unlike hydrothermal growth, the 

CBD approach requires only a solution container (such as a glass beaker) and a substrate 

mounting mechanism. This implies that CBD does not require an autoclave because it runs 

under air pressure (64). 

 

 

Fig 4.6 A simple schematic diagram representing a setup for Chemical Bath deposition 

process. 

(Source - https://pubs.sciepub.com/jmpc/6/1/2/figure/1) 

  

https://www.researchgate.net/figure/Schematic-diagram-of-solvothermal-synthesis-method_fig1_375771276
https://www.researchgate.net/figure/Schematic-diagram-of-solvothermal-synthesis-method_fig1_375771276
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2.1.4.2.1. Chemical Bath Deposition (CBD) 

 

 As this study is based on chemical bath deposition, here is a detail review work on it. 

CBD The growth of ZnO NWs necessitates the use of an underlying ZnO seed layer to induce 

NW nucleation, which boosts throughput and quality while also providing control over the 

NWs' form and orientation.  

The CBD process consists of the preparation of an aqueous solution containing the Zn 

precursor and a reducing agent that supplies hydroxyl radicals to the growth solution. ZnO 

NWs development requires a Zn2+ precursor as well as a reducing agent. The reaction of 

these two ions in solution usually yields zinc hydroxide and zinc hydroxide complexes. The 

hydroxide complexes will combine with water to produce ZnO and more hydroxide radicals, 

which can then react again. As a result, the first two elements to consider for CBD 

development in ZnO NWs are Zn2+ and OH- sources. The three most widely utilised zinc 

precursors are zinc nitrate hexahydrate, zinc acetate dihydrate, and zinc chloride (65-67). 

Akgum et al. explained in their work that under equivalent growth circumstances, all three 

salts produce single crystal wurtzite-phase ZnO NWs. A direct comparison of the three zinc 

salts previously stated is performed while all seed layer deposition and NW development 

conditions remain unchanged. This study demonstrated that zinc acetate yields greater aspect 

ratio NWs, followed by zinc nitrate, and lastly zinc chloride (68). Differences in the seed 

layer deposition, growth temperature, solution pH, and even the vessel in which the growth is 

done will directly effect NW growth, making it practically hard to construct a full comparison 

of the influences that zinc salts can have on NW growth.  

 There are several techniques to supplying the necessary hydroxyl ions in the growth 

solution for the OH- source. The three primary ways employ distinct chemicals: a strong base 

such as NaOH or KOH, ammonia hydroxide, or hexamethylenetetramine (HMTA). The first 

of these three was abandoned owing to the disadvantages of employing a strong base, 

particularly for future scaling up. To enable the implementation of ZnO NWs in various 

applications and their potential scale-up. Jung et al. demonstrated the impact of both hydroxyl 

sources on NW development. In short, both hydroxyl sources can be employed to promote 

the development of NWs. Their basicity differs, with ammonia hydroxide having a higher 
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basicity, which will impact NW development due to the effect of growth solution pH on NW 

growth, mostly due to the increased concentration of OH- (69). Also, according to research of 

Strano et al., HMTA assures that the single crystal wurtzite phase of ZnO NWs is formed 

more effectively than other reduction agents. As a result, HMTA was employed in this work 

(70).  

 In this work the precursors are specified to zinc nitrate and HMTA. Below written 

equations are the possible chemical reactions for the chemical deposition process (71). 

 

𝑍𝑛(𝑁𝑂3)2 · 6𝐻2𝑂 → 𝑍𝑛2+
 + 2𝑁𝑂−

 + 6𝐻2𝑂 

 

[Eq. 2.1] 

(𝐶𝐻2)6𝑁4 + 6𝐻2𝑂 ⇄ 6𝐻𝐶𝐻𝑂 + 4𝑁𝐻3 [Eq. 2.2] 

𝑁𝐻3 + 𝐻2𝑂 ⇄ 𝑁𝐻+
 + 𝑂𝐻− 

 

[Eq. 2.3] 

(𝐶𝐻2)6𝑁4 + 𝑍𝑛2+
 → [𝑍𝑛(𝐶𝐻2)6𝑁4]

2+ [Eq. 2.4] 

[𝑍𝑛(𝐶𝐻2)6𝑁4]
2+

 + 2𝑂𝐻−
 → 𝑍𝑛𝑂 + 𝐻2𝑂 + (𝐶𝐻2)6𝑁4 

 

[Eq. 2.5] 

 

𝑍𝑛2+ + 4𝑁𝐻3
 → [𝑍𝑛(𝑁𝐻3)4]

2+
 [Eq. 2.6] 

[𝑍𝑛(𝑁𝐻3)4]
2+

 + 2𝑂𝐻−
 → 𝑍𝑛𝑂 + 𝐻2𝑂 + 4𝑁𝐻3

 [Eq. 2.7] 

𝑍𝑛2+
 + 4𝑂𝐻−

 → [𝑍𝑛(𝑂𝐻)4]
2−

 [Eq. 2.8] 

[𝑍𝑛(𝑂𝐻)4]
2−

 → 𝑍𝑛𝑂 + 𝐻2𝑂 + 2𝑂𝐻−
 [Eq. 2.9] 

 

 

The first two equations pertain to the breakdown in water of zinc nitrate hexahydrate 

(Eq. 2.1) and HMTA (Eq. 2.2). The former offers Zn2+ precursors for the ZnO NWs, whilst 

the latter decomposes into formaldehyde (HCHO) and ammonia (NH3). This ammonia is 
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then hydrolysed (Eq. 2.3) into ammonium (NH4+) and hydroxyl (OH-). After that there are 

three possible reaction pathways towards the formation of ZnO: 

i) Zn2+ and HMTA may form a complex ion (Eq. 2.4), which is subsequently 

hydroxylated (Eq. 2.5), yielding water, ZnO, and HMTA. As a consequence, the 

original HMTA is restored while generating ZnO. 

ii) Ammonia from HMTA forms a complex ion with Zn2+ (Eq. 2.6), which is then 

hydroxylated into ZnO, water, and ammonia (Eq. 2.7). 

iii) Zn2+ creates [Zn (OH)4]2-, a complex hydroxide (Eq. 2.8 & 2.9) that decomposes 

into ZnO, water, and hydroxyl. This hydroxide complex serves as the foundation 

for the ZnO NW structure, 

As demonstrated by this reaction mechanism, the involvement of HMTA in NW 

development is critical to completely understanding the growth process and how HMTA 

concentration affects growth. Because the hydrolysis of HMTA is reversible, the release of 

OH- into the growth solution is regulated. 

 

Role Of HMTA In The Nanowire Growth 

 

 Strano et al. and Parizes et al. separately demonstrated that The HMTA has two major 

functions in the evolution of ZnO NW. Regarding the growth responses and processes; First, 

it functions as a pH modulator, providing the necessary OH- ions in solution to stimulate 

growth in a regulated way, comparable to a pH buffer. Second, HMTA adheres to the non-

polar lateral faces of the ZnO NWs, causing a steric barrier that restricts the lateral expansion 

of the NWs because zinc complexes produced in solution cannot access the nonpolar faces of 

the NWs (70, 72).  

 

Parameters and their influence on the nanowire growth 

 

 The precursors employed in this study were zinc nitrate hexahydrate and HMTA. The 

concentrations employed for each, as well as the ratio between them, must be precisely 

controlled in order for the ZnO NWs to develop properly. One essential component of the 
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CBD of ZnO NWs is that as the NWs develop on the seeded substrate, hydrothermal 

synthesis processes occur in solution, resulting in ZnO nano and microstructures. The growth 

of these structures in solution consumes the growth precursors at a significantly higher pace 

than growth on a substrate. As a result, it is critical to ensure that the precursor concentration 

in the solution is sufficient to sustain NW development for the specified reaction duration. As 

previously stated HMTA restricts the lateral expansion of NWs while boosting their axial 

growth and so improving the aspect ratio. However, if the HMTA concentration is too high, it 

may completely prevent NW development, resulting in the formation of alternative 

nanostructures such as nanoplatelets or nanodisks. The concentration of zinc nitrate must be 

sufficient that the NWs can develop under regulated conditions. If the concentration is too 

high, an unwanted compact ZnO layer will develop; if it is too low, the NWs will not fully 

form. Regarding the ratios of zinc nitrate and HMTA Strano et al. and Jung et al. thoroughly 

explained in their work that equimolar ratios provide greater densities of high-quality, high-

aspect-ratio NWs. Higher HMTA concentrations than zinc nitrate result in decreased density 

of higher aspect ratio NWs. These considerations clearly demonstrate that carefully 

regulating the concentrations of both chemicals is critical for controlling the formation of 

ZnO NWs (69, 70).  

 There are three more CBD control factors that directly effect the growth of the NWs: 

the pH of the growth solution and the temperature and time for CBD growth. Modifying the 

pH values, for example, by adding a base such as ammonia to the growth fluid, has a 

significant impact on the shape and size of the as-grown ZnO NWs. Baruah et al. and Verrier 

et al. had shown that For initial solution growth pH levels in the neutral range (6.3 to 7.3), the 

CBD procedure produces hexagonal NWs with controlled dimensions. With the rise of pH, 

the ZnO nanomorphology shifts from NWs to nanoneedles or flower-like structures. Which 

are undesirable for some applications (73, 74).  

 The temperature during growth has a significant impact on the growth kinetics and, 

consequently, the growth rate of NWs. In summary, higher temperatures increase the kinetics 

of NW development, resulting in a faster growth rate. However, increasing the temperature 

has several restrictions. In the case of the CBD method, because the growth occurs in an 

unsealed processing unit (as opposed to an autoclave in hydrothermal synthesis), the 

temperature is restricted by the boiling point of the solvent, in this instance water. As a result, 

the maximum operating temperature ranges between 90°C and 95°C. Temperatures below 
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90°C, even down to 50°C, will result in NW development, but at a significantly lesser pace. 

Thus, in this study, 90°C was chosen for all NW growth.  

 The synthesis growth time is the final CBD growth characteristic mentioned in this 

article. Its impact on NW development is straightforward: the longer the growing time, the 

greater the axial and lateral growth. Thus, the synthesis growth time, in conjunction with the 

precursor concentration, is the primary control parameter for tuning the size of the NWs.  

  



 
 

 
- 23 - 

 

Applications 
of ZnO 

Nanowires 

Solar cell 

LEDs 

UV Detector 

Nanogenerator 
Field Emission 

Devices 

Photocatalysis 

sensor 

2.1.5.  Applications 

 

 

 ZnO nanowires' special electrical, optical, and mechanical qualities make them useful for a 

variety of applications across several industries. 

  

 

 

  

Fig 2.3 Various Applications of Zinc Oxide Nanowires 
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2.1.5.1. Solar cell 

 Dye-sensitized solar cells (DSSCs), which are composed of oxide semiconductors and 

organic dyes or metal organic complex dyes, are one of the most promising candidate 

systems for achieving efficient solar energy because they are more versatile, less costly, and 

easier to manufacture than silicon solar cells. ZnO-based DSSC technology alternative to 

TiO2 is regarded one of the most promising materials for solar cells due to quicker electron 

transport with lower recombination loss, ease of crystallisation, and anisotropic growth (75). 

Cheng et al. created branched ZnO nanowires on conductive glass substrates using a 

solvothermal approach for dye-sensitized solar cells. The branched ZnO nanowire DSSCs 

had a greater short-circuit current density and energy conversion efficiency than the naked 

ZnO nanowire, with values of 4.27 mA/cm2 and 1.51%, respectively (76). Ko et al. examined 

different manufactured ZnO nanowire DSSCs with lengthwise (LG) and branched growth 

(BG). They demonstrated that the total light-conversion efficiency of the branching ZnO 

nanowire DSSCs was substantially greater than the upstanding ZnO nanowires (77). 

 

2.1.5.2.  Light Emitting Diodes (LEDs) 

 

 The output power of GaN LEDs with ZnO nanotip arrays can be increased by up to 50 

%. A heterojunction LED might be made by growing vertically aligned ZnO nanowires on a 

p-GaN substrate and using indium tin oxide (ITO)/glass to combine and package (78-80).  

 

2.1.5.3.  Ultraviolet Detector 

 

 UV detection is another intriguing optical use for ZnO nanowires. The UV detector 

uses the electric potential of the ZnO nanowires, which changes due to UV irradiation (81-

82). Li et al. developed a technique for constructing a ZnO bridging nanowire structure with 

nanowatt UV detection. The electrodes were produced by thick ZnO layers covering the Au-

catalyst-patterned sections on the substrate, and the sensing components were ultralong ZnO 

nanowires spanning the electrodes. The gadget displayed dramatic fluctuations (10-105 
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times) in current under a wide range of UV irradiation (10−8-10−2 W cm−2) (83). Chen et al. 

developed a UV photodetector by connecting a circular spiral ZnO nanowire with 30 nm IrO2 

electrodes (82).  

 

2.1.5.4.  Nanogenerator 

 

 The non-centrosymmetric symmetry of the wurtzite structure causes ZnO to display 

high piezoelectric behaviour. Nanogenerators (NGs) were created by using the piezoelectric 

action of ZnO nanowires for scavenging small and irregular mechanical energy such as air 

flow vibrations and body motions (84-85). Zhu et al. described a flexible high output 

nanogenerator (HONG) that uses a lateral ZnO nanowire array to capture mechanical energy 

and power a tiny commercial electronic component (86).  Hu et al. applied a nanogenerator to 

the inner surface of a tire and scavenged mechanical energy from the tire's deformation 

during travel. The nanogenerator directly powers an LCD panel (87).  

 

 

2.1.5.5.  Field Emission Devices 

 

 ZnO nanowires have been explored as potential for field emitters because to their high 

melting point and good stability in an oxygen environment. Hwang et al. demonstrated 

vertical ZnO nanowires grown on grapheme/PDMS substrates for transparent and flexible 

field emission. The ZnO nanowire/graphene hybrids demonstrated exceptional field emission 

features (88). Chen et al. developed ZnO nanowires using a ZnO:Ga/glass substrate. UV light 

enhanced the ZnO nanowire field emission and decreased the turn-on electric field (89).  
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2.1.5.6.  Photocatalysis 

 

 Zinc oxide nanoparticles (ZnO NPs) have exceptional photocatalytic effects. Sugunan 

et al.  developed a continuous flow water filtration system using ZnO nanowires grown on 

flexible poly-L-lactide nanofibers. The continuous flow photocatalytic breakdown of organic 

molecules in water does not need separation of the photochemically active material from the 

reservoir, and the cleaned water may be collected straight from the reservoir (90). Kuo et al. 

employed the vapour transport method to create ultralong ZnO nanowires on silicon 

substrates, which they then used as reusable photocatalysts to degrade rhodamine B and 4-

chlorophenol (91). 

2.1.5.7. Sensors  

 One of the most extensively utilised and earliest discovered oxide sensing materials 

is ZnO. 

 Gas Sensor 

ZnO acts as a gas sensitive material because of its electrical conductivity, which may 

be significantly altered by the adsorption or desorption of gas molecules on its surface. 1D 

nanostructured devices, such as nanowires, are more sensitive and selective due to their 

high aspect ratio and vast surface area. ZnO nanowires can detect several gases, including 

NO, NO2, CO, NH3, H2, and ethanol (92-97).  

 

 Biosensor  

ZnO nanostructures have attracted interest in biosensor applications because to several 

benefits, including nontoxicity, biosafety, biocompatibility, high electron-transfer rates, and 

conjunction with immobilised enzymes (98). Liu et al. developed an ampere-metric glucose 

biosensor using aligned ZnO nanorod films produced directly on the surface of ITO glass 

(99). Choi et al. described a ZnO nanowire field effect transistor (FET)-based biosensor for 
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detecting low-level biomolecular interactions. With a 7.5 nA current increase, the ZnO 

nanowire biosensor could detect streptavidin at concentrations as low as 2.5 nM (100). 

 

2.2.  SENSOR 

 A sensor is a device that detects and responds to physical or chemical changes in the 

environment, transforming them into actionable signals. In more general terms, it might be 

seen as a module that recognises a quantifiable change in its input, which could be any signal. 

Sensors may be classified into multiple categories based on their sensing mechanism and 

output characteristics. The different categories of electrical sensors are Conductometric, 

Capacitive, Optical, Piezoresistive, Colorimetric, and Electrochemical and so on. 

 

2.2.1.  Chemical Sensor  

 Chemical sensors specifically measure the presence or concentration of chemicals, 

providing crucial data for applications in healthcare, environmental monitoring, industrial 

processes, and food safety. 

 

 

2.2.1.1.  Sensor Parameters 

 

 A chemical sensor's efficiency is assessed using a number of parameters (101). All of 

the parameters are detailed below. 

Sensitivity - Sensitivity is defined as the change in output in response to a change in input. 
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Response time - The time it takes for a sensor to achieve 90% of its maximal response 

against a certain concentration of analyte is known as its response time. Many practical 

applications require a sensor with a rapid reaction time. 

 

Recovery time - The time it takes for the sensor to return to 10% of its starting condition 

(base resistance) after sensing a certain concentration of analytes. An efficient sensor should 

be capable of quickly returning to its initial point. 

 

Response - The sensor response of chemiresistive sensors is defined as the change in 

electrical behaviour of sensing devices exposed to the analyte. This parameter can be 

determined in a variety of ways, most often as the ratio of electrical behaviour prior to and 

following gas exposure based on gas analyte reducing/oxidizing behaviour.  

 

Selectivity - It is often described as the sensor's ability to distinguish an electrical response 

for a target in the presence of other materials under the same circumstances. 

 

Stability - This parameter takes into account the amount of time the sensor platform will 

maintain the same electrical response when exposed to a certain analyte under the same 

conditions.  

 

 

 

2.2.2.  Heavy Metal Ion Sensor 

 

 A heavy metal ion sensor is a chemical sensor used to detect the presence of heavy 

metal ions in drinking water and ensure compliance with safety requirements. Monitoring and 

eliminating heavy metals such as Cd (II), Hg (II), Cr (VI), As (V), Cr (III), Cu (II), and Bi 
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(III) is critical because they accumulate in the food chain and can infiltrate living systems via 

food and drinking water. Heavy metal ion sensors are classified into several categories, 

including optical, electrochemical, and semiconducting materials-based sensors. Optical 

methods give precise readings, but are expensive, need experienced specialists to use, and are 

large, restricting their everyday use. Electrochemical sensors, on the other hand, use liquid 

electrolytes, making them unsuitable for regular heavy metal ion detection by the general 

population. Their use demands adequate training and experience from competent specialists 

(102-107). 

 

  

2.3.  HEAVY METALS 

 

 Heavy metals are commonly referred to as a group of metals and metalloids. These 

elements possess relatively high densities, atomic weights, and atomic numbers. The density 

ranges from 3.5 g/cm3 to more than 7 g/cm3. The phrase "heavy metal" originally originated 

in 1817, when German chemist Leopold Gmelin divided the elements into three categories: 

nonmetals, light metals, and heavy metals. Common heavy metals include lead, mercury, 

cadmium, chromium, and arsenic. These metals are widely distributed in the environment as 

a result of natural events such as volcanic eruptions and human activities such as mining, 

industrial production, and agricultural usage. While some heavy metals are required in tiny 

levels for biological activities, prolonged exposure can result in serious health consequences. 

Lead and mercury, for example, are neurotoxins that can harm the brain and neurological 

system, especially in youngsters. Cadmium exposure has been associated to kidney disease 

and bone demineralisation, whereas arsenic and chromium are proven carcinogens. Heavy 

metals' persistence and bioaccumulation in ecosystems make them a major environmental 

issue, since they may pollute soil, water, and food sources, raising long-term threats to human 

health and the environment (108-111).  
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2.3.1.  Copper (Cu) 

 

 Copper can be found in the environment in three forms: metallic (Cu0), cuprous 

(Cu+), and cupric (Cu2+).Copper is an extremely hazardous metal in high amounts in water. 

However, a trace quantity of copper is required for enzyme production and bone growth in 

humans. Major sources of copper include metallurgy and mining industries, steel industries, 

chemical manufacture, paints, fertilisers, and electroplating. Copper can be harmful because 

of the Cu2+-Cu+ transition, which produces superoxide and hydroxyl radicals. Excessive 

copper consumption can cause cellular damage and lead to illnesses including Wilson's 

disease, Alzheimer's disease, Parkinson's disease, and even death (112-114). 

 

2.3.2.  Chromium (Cr) 

 

 Chromium (Cr) is the seventh most prevalent element on Earth, and it occurs naturally 

in various oxidation or valence states in the earth's crust. Chromium ions are available in a 

spectrum of forms, with Cr3+ being the most stable and Cr6+ being the second most stable 

[55]. The primary sources of chromium in water are the metallurgical, refractory, and 

chemical sectors. however, Cr6+ compounds have been linked to a variety of health concerns, 

including inflammation, stomach and small intestine ulcers, anaemia, sperm destruction, and 

male reproductive system impairment. Individuals exposed to Cr6+ by drinking water have 

also been found to have an increased risk of developing stomach tumours (115-117). 

 

2.3.3.  Iron (Fe)  

 

 Iron (Fe) hardly categorised as a heavy metal in the traditional sense because it is a 

necessary element for many biological processes in humans and animals. Iron, as a 

constituent of haemoglobin and certain enzymes, is essential for oxygen transport, DNA 

synthesis, and energy generation. However, in large quantities, iron may be poisonous and 
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cause health hazards. Elevated iron levels, such as those found in hemochromatosis or from 

environmental pollution, can cause oxidative stress and organ damage, including the liver, 

heart, and pancreas. Unlike many other heavy metals, iron toxicity is caused mostly by 

metabolic problems or excessive supplementing, rather than ambient exposure (118).  

 

2.3.4.  Nickel (Ni) 

 

 Nickel (Ni) is classified as a heavy metal and is widely utilised in a variety of 

industrial applications, including stainless steel manufacture, batteries, and electroplating. 

While nickel is a necessary trace metal for some species, excessive exposure causes serious 

health concerns to both humans and the environment. Inhaling or consuming excessive doses 

of nickel can result in lung problems, skin rashes, and other allergic responses. Long-term 

exposure to nickel compounds, particularly in industrial settings, is related with an increased 

risk of lung and nose malignancies due to their carcinogenic qualities. Nickel pollution can 

also develop in water and soil due to mining, refining, and waste disposal operations. Nickel 

may be hazardous to plants and aquatic species at high quantities, causing ecological and 

food chain disruptions (111, 119).  

 

  



 
 

 
- 32 - 

 

 

 

 

Chapter-3:  

 

METHODOLOGY 
 

  



 
 

 
- 33 - 

 

 

3. METHODOLOGY 

 

In this section, the experimental process of the device fabrication is explained, as well as 

different characterization processes such as X-Ray Diffraction (XRD), Diffuse Reflectance 

Spectroscopy (DRS), Field Emission Scanning Electron Microscope (FESEM), and current-

voltage characteristic are included. Also the detection processes of few selected Heavy metals 

are provided. 

3.1. FABRICATION 
 

3.1.1 Materials and the Instruments 

Chemicals used in the fabrication procedure are- 

 

I. Zinc Nitrate Hexahydrate : Zn(NO3)2.6H2O [Molecular Weight-297.49] ( 

Sigma-Aldrich) 

II. 25% Ammonia Solution : NH4OH [Molecular Weight-35.05] ( Sigma-Aldrich) 

 

III. Hexamethylenetetramine (HMTA) : C6H12N4 [Molecular Weight-140.19] ( 

Sigma-Aldrich) 

IV. p-type Silicon (100) wafer (Ted Palla) 

 

The Instruments involved in the fabrication procedure are- 

 

I. Magnetic Stirrer with Hot Plate 

II. Regulated DC Power Supply 

III. Hot Air Oven 

 

3.1.2 ZnO Growth Process 

 

 In this work, a double chemical bath Deposition (CBD) process is used, where the 

first CBD provide the seed layer on the substrate and the second CBD controls the further 

growth of the ZnO. Also to gain certain morphology of ZnO the entire CBD process was 

under voltage control so it can be said that this is a Voltage –assisted CBD method. p-type 

Silicon (100) wafer was utilised as a substrate. 
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3.1.2.1. Substrate Preparation 

 Initially, Piranha Solution was produced. 6mL of sulphuric acid (H2SO4) was slowly 

poured into 6mL of hydrogen peroxide (H2O2) to create a 1:1 solution of H2SO4 and H2O2. 

This is a very exothermic process. The solution was employed to continue proceedings until 

the situation calmed down. The wafers were then immersed in the Piranha Solution for an 

hour, or until the effervescence subsided. Following that, the wafers were withdrawn from the 

solution and washed with De-ionized Water (DI Water) to eliminate any Piranha residue. 

  A 1:10 solution of Hydrofluoric Acid (HF) in DI water was prepared. The wafers 

were put into it to remove any oxide from the surface. The wafers remained in the solution 

for roughly a minute. Finally, the wafers were withdrawn from the solution, washed with DI 

water, and allowed to dry.  

 Silver Paste was applied to both sides of the p-Si (100) substrate and heated in the Hot 

Air Oven for 1 hour at 150°C. Natural cooling within the Hot Air Oven takes around 1.5-2 

hours. This Silver Paste deposition was performed to create a metal contact with the wires 

that would be linked to the positive and negative ports of the Regulated DC Power Supply 

while executing voltage-assisted growth of Zinc Oxide Nanowire over the p-Si (100) 

substrate. The substrate was ready for further experimentation. 

 

Fig 3.1: A Silver Paste deposited p-Si (100) substrate 

 

   

3.1.2.2. Double Step Chemical Bath Deposition (CBD) Method 

for Synthesis of ZnO Nanowire: 

The following two processes describe the growth of ZnO nanowires on the p-Si (100) 

substrate:  

i. Step 1: ZnO Seed Layer Deposition  

ii.  Step 2: ZnO nanowire development. 
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 (A) (B) 

 

Fig3.2 (A) Simple schematic diagram of the Voltage-Assisted Chemical Bath Deposition 

(CBD) method  

 (B) Experimental Setup for the Voltage-Assisted Chemical Bath Deposition (CBD) 

method  

 

Step 1: ZnO Seed Layer Deposition  

 The ZnO seed layer growth procedure begins with the preparation of a precursor 

solution containing 5mM Zinc Nitrate Hexahydrate [Zn(NO3)2.6H2O] dissolved in 100mL 

DI water. The precursor solution was agitated at 120 rpm, and the temperature was allowed to 

rise to 60°C. The sample was vertically inserted into the precursor solution such that the 

negative terminal dipped into the solution while the positive terminal remained outside with 

the help of a continuous DC bias, as shown in Figure 3.2A. After reaching the desired 

temperature, 8mL of 25% ammonia is added to the solution, and the colour changes to milky 

white. This process was performed for 30 minutes, with the solution temperature held 

constant at 90°C (±5°) for the nucleation of the ZnO seed layer. Once the nucleation was 

complete, the ZnO seed layer deposited p-Si (100) substrate was removed from the solution 

and immersed in DI water for cleaning the precipitations.  
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Fig 3.3 Flow Diagram of The ZnO seed layer growth procedure 

 

 

Step 2: ZnO nanowire development 

  

 The development of ZnO Nanowire was accomplished by dissolving 2.5mM Zinc 

Nitrate Hexahydrate [Zn(NO3)2.6H2O] in 50 mL DI water. Another solution was made 

separately by dissolving 2.5mM Hexamethylenetetramine (HMTA) in 50 mL DI water. Both 

solutions were blended together and a ZnO seed layer generated p-Si (100) substrate was put 

vertically into the solution using a similar arrangement, with the help of a continuous DC 

bias. The solution was heated to 90 °C to create Zn2+ and OH− ions, initiating the formation 

of ZnO nanowires. To develop the ZnO nanowires, the deposition was carried out for two 

hours. The possible chemical reactions which were associated with the growth of ZnO 

Nanowires are already discussed at section 2.1.4.2.1 

 

 

 

 

 

Precursor:Zinc Nitrate Hexahydrate [Zn(NO3)2.6H2O](1.48gm) Solution : 
100ml aq. 

Substrate cunnected to a voltage source was vertically submerged in the 
solution such a way that the negative (-ve) terminal is within the solution 
and the positive terminal is outside the solution(steady DC voltage is 
applied) 

When the solution reach the 60°C temp. 8ml ammonia(25%) was added 
drop wise to the solution  

The process was continued for 30 min after the solution temt reaches 90°C 

ZnO seed layer deposited Si substrate was cleaned using DI. 
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𝑍𝑛(𝑁𝑂3)2 · 6𝐻2𝑂 → 𝑍𝑛2+
 + 2𝑁𝑂−

 + 6𝐻2𝑂 

 

[Eq. 3.1] 

(𝐶𝐻2)6𝑁4 + 6𝐻2𝑂 ⇄ 6𝐻𝐶𝐻𝑂 + 4𝑁𝐻3 [Eq. 3.2] 

𝑁𝐻3 + 𝐻2𝑂 ⇄ 𝑁𝐻+
 + 𝑂𝐻− 

 

[Eq. 3.3] 

(𝐶𝐻2)6𝑁4 + 𝑍𝑛2+
 → [𝑍𝑛(𝐶𝐻2)6𝑁4]

2+ [Eq. 3.4] 

[𝑍𝑛(𝐶𝐻2)6𝑁4]
2+

 + 2𝑂𝐻−
 → 𝑍𝑛𝑂 + 𝐻2𝑂 + (𝐶𝐻2)6𝑁4 

 

[Eq. 3.5] 

 

𝑍𝑛2+ + 4𝑁𝐻3
 → [𝑍𝑛(𝑁𝐻3)4]

2+
 [Eq. 3.6] 

[𝑍𝑛(𝑁𝐻3)4]
2+

 + 2𝑂𝐻−
 → 𝑍𝑛𝑂 + 𝐻2𝑂 + 4𝑁𝐻3

 [Eq. 3.7] 

𝑍𝑛2+
 + 4𝑂𝐻−

 → [𝑍𝑛(𝑂𝐻)4]
2−

 [Eq. 3.8] 

[𝑍𝑛(𝑂𝐻)4]
2−

 → 𝑍𝑛𝑂 + 𝐻2𝑂 + 2𝑂𝐻−
 [Eq. 3.9] 

 

The initial step of HMTA hydration happens at 60 °C, yielding Formaldehyde (CH2O), 

which evaporates instantly. Another result of this process is ammonia (NH3), which supports 

the production of the ammonium cation NH4+ by NH3 protonation. These reactions 

progressively liberate OH- ions from the precursor solution. Zn2+ ions combine with NH3 to 

form tetraamine zinc species. Zn(NH3)4
2+ 

undergoes a reaction with hydroxyl ions to generate 

Zn(OH)42−, which is more stable than amine complexes. NH4(NO3) is subsequently 

formed to keep the aqueous solution's pH level stable under supersaturating conditions. Zn2+ 

ions react with OH− ions in solution, forming zinc complexes. [Zn(OH)4]Thermal 

decomposition of 2− ions leads to the nucleation of wurtzite ZnO by self-orientation. The 

electric field applied during growth controls the kinematics of Zn2+ and OH ions near 

substrate surfaces.  
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Fig 3.4 Flow diagram of the Step 2: ZnO nanowire development 

 

During the process, the presence of a constant applied voltage caused more Zn2+ ions 

to collect towards the negative terminal and less Zn2+ ions to accumulate towards the 

positive terminal. This ion concentration gradient may affect the shape of the produced ZnO. 

As a result of the presence of Zn2+ ions at the negative terminal, there is a potential of lateral 

nanowire development. 

 

3.1.2.3 Variation in Growth Parameter  

  If the growth parameters are changes then different devices can be fabricated 

featuring different characteristics. Here only the applied external voltage are changed keeping 

other parameters such as Temperature, Duration, and pH same for Four Devices. So four 

devices are fabricated keeping all parameters same and just changing the external voltages to 

2.5V, 5.0V, 7.5, and 10.0V. For further discussion about these four devices they are named as 

SET 1(V2.5), SET 2(V5.0), SET 3(V7.5), and SET 4(V10.0). 

  

Precursor: Zinc Nitrate Hexahydrate [Zn(NO3)4.6H2O] 
(0.74gm)and Hexamethylenetetramine (HMTA) [C6H12N4] 
(0.35gm) Solution: 100ml aq. 

Previously prepared ZnO seed layer deposited Si substrate 
was submerge as before and same external voltage was 
applied across the terminals 

Solution temp. allowed to increase to 90°C 

After reaching 90°C the process was carried out for 2 hrs 
under constant srirring 

After completion of the process the device was cleane using 
DI. 
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NAME 

STEP 1 STEP 2 

TEMP. 

(°C) 

DURATION 

( MIN) 

pH 

(NH3 

controlled) 

EXT. 

VILTAGE(V) 

TEMP. 

(°C) 

DURATION 

( Hrs) 

pH 

(HMTA 

controlled) 

EXT. 

VILTAGE(V) 

SET 1 

(V2.5) 
90°C 30 MIN same 2.5V 90°C 2 Hrs same 2.5V 

SET 2 

(V5.0) 
90°C 30 MIN same 5.0V 90°C 2 Hrs same 5.0V 

SET 3 

(V7.5) 
90°C 30 MIN same 7.5V 90°C 2 Hrs same 7.5V 

SET 4 

(V10.0) 
90°C 30 MIN same 10.0V 90°C 2 Hrs same 10.0V 

 

Table 3.1 Variation in growth parameters during fabrication process 

3.2 CHARACTERIZATION 

 

3.2.1 X-Ray Diffraction (XRD) 

 

X-Ray Diffraction (XRD) was performed on BRUKER D8 ADVANCE to study the 

crystallographic nature of those four devices (i.e. SET 1(V2.5), SET 2(V5.0), SET 3(V7.5), 

and SET 4(V10.0).). The XRD source was Cu kα having λavg. = 1.5418 Å; the scan was done 

with 2θ range of 30° to 70° with a scan rate of 1°/min.. Then the data was analysed using 

software “origin pro”. Then the results were further analysed to get the crystallite sixe of each 

devices. 

 The XRD pattern was analysed to get the crystallite size of the synthesized ZnO 

nanowires. The Scherrer’s equation was used to get the crystallite size related to each plane 

ZnO shown in the XRD pattern. Also Williamson-Hall plot was utilised to get the crystallite 

size for each devises. 

 

𝐃 =
𝐤𝛌

𝛃𝐜𝐨𝐬𝛉
 (Equation 3.1) 

 

equation 3.1 represents the Scherrer’s equation D is the crystallite sizes, where k is the 

correlation factor (0.89), the λ is the used X-ray wavelength (1.5418 Å), β is the full width at 

half-maximum (FWHM) of a peak and θ is Bragg’s diffraction angle (108). 
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On the other hand, the Williamson-Hall plot can be drawn using the following 

equation , 

𝜷(𝒉𝒌𝒍)𝒄𝒐𝒔𝜽 =
𝒌𝝀

𝑫
+ 𝟒𝝈𝒔𝒊𝒏𝜽 (Equation 3.2) 

Where, 

β(hkl) = full width at half-maximum of the peak of specific plane 

 θ = Bragg’s diffraction angle 

 k= correlation factor 

 λ =X-ray wavelength 

D= crystallite sizes  

σ = strain 

From the above mention equation, a table of points are prepared where β(hkl)cosθ as y-axis 

and sinθ as x axis. If these points are plotted then a point distribution can be seen. When 

those points are fitted in a straight line, it gives a y intercept and slope. Where the y intercept 

represent kλ/D, thus the crystallite size can be calculated and the slope represents the σ or 

strain, here a positive slope represent ensile strain and negative lope represents compressing 

strain. 

 

 

3.2.2 Diffuse Reflectance Spectroscopy (DRS) 

 

Diffuse Reflectance Spectroscopy (DRS) was used to analyse the optical 

properties of those devices. As there was a definite variation in growth at the ends 

due to the applied external bias, the devices were split into 2 parts to get better 

characteristics data. Let name them for so that data analysis became easier, SET 

1(nV2.5), SET 2(nV5.0), SET 3(nV7.5), and SET 4(nV10.0) SET 1(pV2.5), SET 

2(pV5.0), SET 3(pV7.5), and SET 4(pV10.0) . The “n” and ‘p’ are denoted because 
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those ends were near the negative and positive terminal simultaneously during the 

fabrication process.  

The scan was performed in the range of 200nm to 800 nm with the step size of 

1nm and duration of 20 min.. The data were analysed in software “Origin pro”. 

For analysing the optical properties of a material, energy bandgap can be calculated 

from absorbance /reflectance spectra. With the help of Tauc plot the energy bandgap can be 

calculated. 

 The Tauc approach assumes that the energy-dependent absorption coefficient α may 

be represented using the following equation. 

(𝜶. 𝒉𝝂)
𝟏
𝜸⁄ = 𝑩(𝒉𝝂 − 𝑬𝒈) (Equation 3.3) 

Where,  

α = absorption coefficient 

h= Planck constant 

ν= Photon Frequency 

γ= Factor (1/2 for direct and 2 for indirect transition) 

Eg= Energy bandgap 

This equation is use to determine the bandgap from absorbance spectra (116).  

The energy bandgap also can be calculated from reflectance spectra.  

P. Kubelka and F. Munk in their theory explained how the reflectance spectra can be 

transformed to the corresponding absorption spectra (117). 

The conversation is calculated using Kubelka-Munk Function. 

 

𝑭(𝑹∞). 𝒉𝝂 =
𝑲

𝑺
=

(𝟏−𝑹∞)
𝟐

𝟐𝑹∞
 (Equation 3.4) 

 

Where, 

K= absorption coefficient  

S=scattering coefficient  

R∞=Rsample/Rstandard= Reflectance of infinity thick specimen  

By replacing the α (absorption coefficient) with the Kubelka-Munk function F(R∞) in the 

Tauc method the bandgap can be calculed. 

(𝑭(𝑹∞). 𝒉𝝂)
𝟏
𝜸⁄ = 𝑩(𝒉𝝂 − 𝑬𝒈)   (Equation 3.5) 

The plot was drawn using this this equation, where the (F(R∞).hν)
2
 as y-axis and hν as x-axis. 
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3.2.3 Field Emission Scanning Electron Microscope (FESEM) 

 

Field Emission Scanning Electron Microscope (FESEM) was per formed on 

“ZEISS MERLIN COMPACT” having resolution of 0.8nm 0.15KV to study the 

morphology of the device. The device SET 2(V5.0) was scanned to get the 

morphological data. The device was split into two part SET 2(nV5.0) and SET 

2(pV5.0) to get morphological data of both ends. 

 

3.2.4 Current-Voltage Characteristic 

 

Current-Voltage Characteristic was measured to get the electrical properties of 

the devices. The I-V Characteristics were measured using “KEITH Source and 

Measurement Unit (SMU)”, within the range of -10V to +10V.   

 

Equivalent Circuit 

 To get a comprehensive understanding of the devices, an equivalent circuit was drawn 

using the software “Pspice Student." So the I-V characteristics of the actual devices match 

those of the equivalent circuit. 

 

3.3 HEAVY METAL DETECTION 
 

In this work, a few specific heavy metal ions are used to test the fabricated devices. 

It was done to observe the devices’ electrical response in presence of those heavy 

metal ions, so the devices can be used as Chemiresistive heavy metal sensors. The 

comprehensive data was collected using a “Probe Station”, where the I-V 

characteristics of those devices (i.e. SET 1(V2.5), SET 2(V5.0), SET 3(V7.5), and 

SET 4(V10.0) ) were measured within the range of 0V to +10V in the presence of 

different heavy metal ions. 

   As-prepared 100ppm stock solution of Cu(II), Cr(III), Fe(III) and Ni(II) were 

used as target heavy metal ions to characterise the devices in their presence. After 

device was set to the probe station such a way that 2 probe is at contact with both end 

as a 2 terminal device, then as-prepared stock solution was added on the device 

(dropwise). After every detection process the device was thoroughly washed using DI 

(Deionized Water). 
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4. RESULTS AND DISCUSSIONS 

 

In this section, the data obtained from different characterisation 

methods such as XRD, DRS, FESEM, I-V Characteristics were analyse and 

discussed in details. 

(A) (B) 

 

 

 

 

 

 

 

(C) 

 

 

(D) 

 

 

Fig 4.1 The Devices fabricated using Voltage-assisted double chemical Bath Deposition. 

(B) SET 1(V2.5);   (B) SET 2(V5.0);  (C) SET 3(V7.5); (D) SET 4(V10.0) 

The thickness of the Silicon substrate - 525µm 

The thickness of the device after the fabrication - 547µm 
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4.1. Structural And Morphological Properties 

 

4.1.1. X Ray Diffraction (XRD) Analysis 

 

X-ray diffraction was utilised to analyse the ZnO nanowire grown on the p-Si 

substrate using chemical bath deposition. As the growth condition was changed 

(i.e., different applied voltage), there could be a possibility of different 

crystallinity for those 4 devices. 
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Fig 4.2  XRD pattern of the ZnO Nanowire grown on Silicon Substrate using Voltage-

Assisted Chemical Bath Deposition (CBD). SET 1(V2.5), SET 2(V5.0), SET 3(V7.5), and 

SET 4(V10.0) are the 4 fabricated devices 

 

 

The XRD pattern shown in Fig 4.2 present the diffraction pattern for those four 

devices fabricated using different applied voltage during CBD method. It is quite clear that 

those four devices has peak position at same 2θ value. It is possible to identify all materials 

present in the device from the XRD pattern. The peaks present in this pattern are 32.06°, 

34.68°, 36.47°, 38.42°, 44.63°, 54.88°, 56.58°, 61.91°, and 64.97°. These angles are 

associated with different planes of ZnO, Ag, Pb and Sn. The table below present the angle 

and the plane associated with those angles. The peaks are matched with The Joint Committee 

on Powder Diffraction Standards (JCPDS) -International Centre for Diffraction Data (ICDD)  

. The JCPDS-ICDD file no. 36-1451 - Zinc oxide (ZnO),  

  JCPDS-ICDD file no. 04-0783 - Silver (Ag) 

JCPDS-ICDD file no.23-345 - Lead(Pb)  

JCPDS-ICDD file no. 19-1365 - Tin(Sn) 
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NO 2θ Materials and Planes 

1 32.06° ZnO(100) 

2 34.68° ZnO(002) 

3 36.47° ZnO(101) 

4 38.42° Ag(111) 

5 44.63° Ag(200) 

6 54.88° Sn(103) 

7 56.58° ZnO(110) 

8 61.91° Pb(311) 

9 64.97° Ag(220) 

Table 4.1 List of peaks found in XRD pattern and the materials and planes associated with 

them  

 

As shown in the Table4.1, there are 4 distinctive peak corresponds to the planes (100), 

(002), (101), and (103) of ZnO wurtzite structure. The presence of Silver also can be seen in 

this XRD result. As the both side of the devices was coated with silver paste for contact, that 

silver may be the reason of those peaks. Also presence of Lead (Pb) and Tin (Sn) can be seen. 

It can be explain by the presence of soldering wire, which are the alloy of lead and tin.  Their 

presence in XRD pattern can be due to the some Soldering wire residue left on the dried 

silver paste which was used to attach the wire. 
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Crystallite size 

The XRD results were also used to analyse the crystallite size of the ZnO 

Nanowire.  

 2θ Planes 

Crystallite Size 

Scherrer’s 

Equation(nm) 

W-H Plot(nm) 

SET 1(V2.5) 

32.00° ZnO(100) 8.613543115 

3.988145294 

 

34.70° ZnO(002) 6.258614243 

36.49° ZnO(101) 6.805904847 

56.54° ZnO(110) 16.2891015 

SET 2(V5.0) 

32.00° ZnO(100) 7.626048678 

3.499099447 

 

34.65° ZnO(002) 6.469403056 

36.52° ZnO(101) 5.143553743 

56.55° ZnO(110) 15.56923722 

SET 3(V7.5) 

31.98° ZnO(100) 7.65073627 

4.346094101 

 

34.69° ZnO(002) 8.221738838 

36.48° ZnO(101) 7.02176643 

56.59° ZnO(110) 15.40645599 

SET 4(V10.0) 

32.0° ZnO(100) 9.263425577 

4.690113589 

 

 

34.69° ZnO(002) 8.899258777 

36.48° ZnO(101) 6.609732885 

56.57° ZnO(110) 17.34730773 
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Table 4.2 Comparison of Crystalline size using Scherrer’s Equation and 

Williamson-Hall Plot  

 

To farther analyse the XRD data the Scherrer’s Equation and Williamson-Hall plot was used 

to calculate the crystallite size of the ZnO nanowires. 

According to the Scherrer’s Equation the crystallite size can be calculated from peak 

position and the Full Width at Half Maxima (FWHM). 

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 Equation 4.1 

D is the crystallite sizes 

k is the correlation factor (0.89) 

 λ is X-ray wavelength (1.5418 Å) 

 β is the full width at half-maximum (FWHM) of a peak 

 θ is Bragg’s diffraction angle  

 

From Table 4.2 , it can be seen that the four device have almost same crystallite size 

for each plane . Also the ZnO(100), ZnO(002) and ZnO(101) have almost same  crystallite 

size but ZnO(110) is greater than others. 

 The Williamson-Hall plot can be used to analyse the crystallite size of a 

material from its XRD pattern. The following formula is used to calculate this. 

𝛽𝑐𝑜𝑠𝜃 =
𝑘𝜆

𝐷
+ 4𝜎𝑠𝑖𝑛𝜃 Equation 4.2 
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As previously mentioned the β is the full width at half-maximum of the peak of 

specific plane, θ is Bragg’s diffraction angle, correlation factor is k, λ is the used X-ray 

wavelength, crystallite sizes D and σ is strain. By plotting the βcosθ as Y-axis and sinθ as x-

axis a point distribution was plotted for all those peaks. When those points were linear fitted 

in straight line, their slope and intercept were  σ and kλ/D respectively. Their values were 

provided in the Table 4.2 

 

4.1.2. Field Emission Scanning Electron Microscopy (FESEM) image 

Analysis 

 

In this work, the aim was to get a different morphology of ZnO nanowire by applying 

external voltage during the Chemical Bath Deposition process. To get a better understanding 

of that effect Field Emission Scanning Electron Microscopy was done on a device (SET 

2(V5.0)). As it was expected to get different morphology at each end, thus that device was 

split into two part SET 2(pV5.0) and SET 2(nV5.0). 
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 (A) (B) 

Fig 4.3 the FESEM image of the device SET 2 (V5.0). (A) image of the section SET 2 

(pV5.0) (B) image of the section SET 2 (nV5.0) 

 

As targeted in this work, a steady voltage was applied during the CBD process and the 

negative terminal was dipped within the precursor solution. As previously explained in 

section 3.1.2.2 that the ZnO growth is controlled by complex [(𝑂𝐻)4]
2−

 

tetrahydroxozincate(II) ion which then turn into ZnO . The formation of this complex 

depends upon the Zn2+ concentration, so with higher concentration of Zn2+ lead to higher 

growth rate.  

 As clearly visible in the FESEM images, there are 2 distinct morphologies at the end 

of the devices. The devices connected to the positive terminal shows the  rod like structure 

and the other end which was connected to negative terminal has Flake-like structure. So it can 

be said for the formation of the flake like structure there were higher lateral growth during the 

CBD process. As this end was connected to the negative terminal which attract the Zn2+ ion 
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thus has higher concentration relative to the other end during the growth process. This leads 

to this difference in morphologies. 

 

4.2. Optical Properties 

 

4.2.1. Diffuse Reflectance Spectroscopy (DRS) analysis 

 

Diffuse reflectance spectroscopy (DRS) was used to analyse the effect of 

difference in fabrication method on the reflectance of the devices.  

 (A) (B) 



 
 

 
- 53 - 

 

 (D) 

 (C) 

 

Fig 4.4 Reflectance spectra of the devices  

(B) SET 1(V2.5);   (B) SET 2(V5.0);  (C) SET 3(V7.5); (D) SET 4(V10.0) 

As the devices were split into two parts to get a better understanding of the effect of applied 

voltage during the CBD process, different data was collected for them. In Fig 4.4 shows that 

there are distinctive differences in reflectance for the both ends for each device. 

 The bandgaps were calculated using these reflectance spectra to get optical bandgap 

of the devices. 
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 (A) (B) 

 (C) (D) 

 

Fig 4.5 Bandgap energy (Eg) calculation from Tauc plot for determining the bandgap 

energy of both ends of the devices  

(A) SET 1(V2.5);  (B) SET 2(V5.0);  (C) SET 3(V7.5); (D) SET 4(V10.0)  
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Device Sections Bandgap Energy(Eg)(eV) 

SET 1(V2.5) 

SET 1(nV2.5) 3.31 

SET 1(pV2.5) 3.23 

SET 2(V5.0) 

SET 2(nV5.0) 3.20 

SET 2(pV5.0) 3.17 

SET 3(V7.5) 

SET 3(nV7.5) 3.23 

SET 3(pV7.5) 3.19 

SET 4(V10.0) 

SET 4(nV10.0) 3.24 

SET 4(pV10.0) 3.19 

 

Table 4.3 Bandgap energy (Eg) calculation from Tauc plot for determining the 

bandgap energy of both ends of the devices SET 1(V2.5), SET 2(V5.0) , SET 3(V7.5), 

SET 4(V10.0). 

As shown in the Table 4.3, for each device the bandgap energy is different at each 

end. As it shown in fig.4.3, the FESEM image clearly presents that both end have different 

morphologies which was predicted as different concentration of Zn2+ ions at different region, 

that also may cause this effect.  

This difference in bandgap also can be explained by defect formed in ZnO nanowires 

during the synthesis process. The applied voltage during the CBD effected the Zn2+ ions 

concentration having higher concentration at negative terminal region. ZnO nanowire is in 

general n type due to naturally occurring oxygen vacancies. There is another type of n type 

defect, which is zinc intrinsic. It may occur during the synthesis process in presence of excess 

Zn2+  because the zinc intrinsic defect formation energy is relatively low, thus there is a high 

possibility of this kind of defects. 
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4.3. Electrical Properties 

 

The main target of this work is to fabricate a Chemiresistive sensing device 

based on ZnO nanowire grown on Silicon substrate, thus the electrical properties of 

the whole system was analyse from data collected about the Voltage – Current 

Characteristics of each device separately. 

  

(A) (B) 

(C) 
(D) 

 

Fig 4.6 Voltage-current (I-V) characteristics of four devices  
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(A) SET 1(V2.5);  (B) SET 2(V5.0);  (C) SET 3(V7.5); (D) SET 

4(V10.0) 

 

The Fig 4.6 shows the voltage-current characteristics of those four devices within the range 

of +10V to -10V. From the plot it is clear that the device fabricated under applied voltage 

2.5V show most nonlinearity. Even the device fabricated under 5.0V also showed 

nonlinearity but other 2 devices which are fabricated under 7.5V and 10.0V show no distinct 

nonlinearity.  

  

To get a better understanding of the devices electrical nature a circuit was designed 

equivalent to the devices using Pspice software. 

 Fig 4.7 The drawing of the equivalent circuit of the device designed in Pspice software   

A DC swipe in the range of +10V to -10V was taken of this design. The I-V 

characteristics plot was quite similar that of real device. 
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As shown in the Fig 4.7 the ZnO-Si interface at both ends was treated as Zener diode. 

To justify this assumption, another equivalent circuit was drawn and compared it with I-V 

characteristics data collected from 2 pieces of devises split at the middle, one of the probe 

was connected to ZnO surface and other Probe was connected to Silicon substrate. 

Fig 4.8 circuit design for I-V characteristics of a diode 

 

I-V Characteristics 

Data from real device Data from equivalent circuit 

End connected to 

negative terminal during 

fabrication 

 

 

End connected to 

positive terminal during 

fabrication 

 
 

Fig 4.9 comparative I-V characteristics equivalent circuit and the real device   
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From the Fig 4.9, it can be deducted that both end of the device may act like Zener diode.  

Name Voltage-Current Characteristics(IV plot) 

Device Data(Measured at SMU) Equivalent Circuit Data(pspice 

software) 

SET 1(V2.5) 

 
 

SET 2(V5.0) 

  

SET 3(V7.5) 
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SET 4(V10.0) 

  

 

Table 4.4 comparison between IV characteristics of the devices and their equivalent circuit 

 

 In the pspice software, the data was collected for different Resistance such as 10^5, 

10^6, 5*10^6, and 10^7 ohm. The plot drawn from the software data almost matches with the 

practical data collected from the devices. 

 From this comparison it can be concluded that when the voltage were differ to get the 

different devices, the resistance of the surface materials also increased. 
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4.4.  Heavy Metal Detection 

 

Here, the electrical performances of devices in the presence of few selective Heavy metal 

ions are investigated and analysed.  

4.4.1. Chemiresistive sensing Analysis 

 

As discussed in previous section, each of the devices (SET 1(V2.5); SET 2(V5.0); 

SET 3(V7.5); SET 4(V10.0)) were investigated separately in probe station in presence 

of 100ppm stock solution of Cu(II), Cr(III), Fe(III) and Ni(II) simultaneously. 

 

(a) 
(b) 

 

 

 

Fig 4.10 Cu(II), Cr(III), Fe(III) and Ni(II) sensing using SET 1(V2.5) 

(a) Response, (b) Selectively 
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 First of all, the device SET 1(V2.5) was tested. It showed quite high response in 

presence of Cu (II). As shown in the Fig4.8 the device has high selectivity towards the Cu (II) 

ion.  

(a) 
(b) 

Fig 4.11 Cu(II), Cr(III), Fe(III) and Ni(II) sensing using SET 2(V5.0) 

(b) Response, (b) Selectively 

The Fig 4.11 shows the current response of the device SET 2 (V5.0) , it also shows relatively 

higher response toward Cu (II) in comparison with Cr(III), Fe(III) and Ni(II). 

(a) 
(b) 

Fig 4.12 Cu(II), Cr(III), Fe(III) and Ni(II) sensing using SET 3(V7.5) 

(c) Response, (b) Selectively 



 
 

 
- 63 - 

 

In case of SET 3(V7.5) the current response of the device in presence of Cu(II) is higher than 

the other devices. Also showed relative higher sensitivity towards Cu(II). 

As shown in the fig 4.11 the device SET4(V10.0) has current response little lesser that that of 

previous device. Also shows relative high selectivity towards Cu(II).  

 

(a) (b) 

Fig 4.13 Cu(II), Cr(III), Fe(III) and Ni(II) sensing using SET 4(V10.0) 

(a) Response, (b) Selectively 

 

Analysing these data, it can be clearly concluded that the device fabricated by 

Voltage-assisted CBD using ZnO nanowire as a sensing material has a high selectivity 

towards Cu(II) during Chemiresistive sensing process. 

The reason for this can be present as the interaction between ZnO and Cu(II). As the 

process was perform using aqueous solution, Liao et al.(112) showed in their work that ZnO 

nanoparticles can be hydroxylated in aqueous solution and creates a ZnOH2+ complex by 

coupling with H+. The H+ end is usually exposed at the interface end which further binds to 

water molecules, thus forming a positive interface. Wang et al. (113) also showed in their 
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work that the Cu(II) present in aq. Medium can form a weak bond with the oxygen present at 

the interface. Rajabi et al. (114) in their work explained how the aq. Cu(II) can further 

hydrolysed to have better adsorption at the interface. 

Brad et al. (115) provided a list of standard potential of materials in aqueous medium. 

From that list the standard potential of the targeted heavy metals were collected 

Heavy metal Ions Standard reduction potential (v) 

Cu(II) 0.159 

Cr(III) -0.424 

Fe(II) -0.44 

Ni(II) -0.257 

Table 4.5 List of standard reduction potential of Cu(II), Cr(III), Fe(III) and Ni(II) 

The list provided in the Table 4.5 clearly showed that Cu(II) as positive standard reduction 

potential, thus it is favourable for Cu2+ reduced into Cu. 

 As describe in section 4.3, the electrical properties of the device is related to the 

resistance of the surface. Now the adsorbed Cu(II) get reduced into Cu which is conductive 

thus decreases the resistance of the surface. This can justify the IV characteristics of the 

devices. 

Also in air the device performance showed that device fabricated under 2.5 v , 5.0v, 7.5v and 

10.0v have gradually increasing surface resistance. The relatively higher current response in 

the device fabricated under 7.5 v may be explained as it has higher relative adsorption of 

Cu(II) than other devices with respect to its surface resistance in air.   
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7. CONCLUSION AND FUTURE WORK 

 

           In conclusion, this work presents a unique device fabrication method Voltage-assisted 

Chemical Bath Deposition (CBD) to synthesise ZnO Nanowire on Silicon substrate. The 

applied voltage was one of the growth parameters thus, by changing them while keeping 

other parameters same four devices were fabricated to study the effect of the applied voltage 

on the growth of ZnO nanowires. 

 In this work, a double CBD method was used to grow the ZnO nanowires. The target 

of first CBD was to grow a seed layer of ZnO upon which the ZnO nanowire can be grown 

following the seed layers’ orientation. The second CBD was to grow the ZnO nanowires on 

the previously deposited growth layer. 

           XRD and FESEM imaging were performed on the devices to get morphological data 

on those devices. The XRD pattern shows 4 distinct planes of ZnO formed on the substrate, 

and the FESEM image showed different morphologies at different ends of the substrate.   

           DRS spectroscopy was also provided for optical property analysis. that data used to 

explain the effect of different applied voltage on ZnO nanowire grown caused a difference in 

energy bandgap at the opposite end of the devices 

           The I-V characteristics show the four different voltage-current relations between the 

four devices. The four devices showed different levels of nonlinear I-V characteristics as the 

applied voltage changed during the fabrication processes, which were explained using an 

equivalent circuit model. 

The main target of this work was to use the fabricated device as a Chemiresistive sensor. To 

analyse the devices Chemiresistive performance, a few heavy metal ions i.e. Cu (II), 

Cr(III),Fe(II) and Ni(II) with 100 ppm concentration was used as control target. All of the 

devices showed high level of selectivity towards Cu (II). The four devices showed different 

levels of current response in the presence of those control targets. In this work, the possible 

reasons for those differences are also explained. 
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Future Works: 

 

 There are many possibilities of the variation in energy bandgap within the devise, 

defect formation is one of them. To get a better understanding on the defect within 

the nanowires TEM data of those devices may help tremendously. 

 To better explain the electrical nonlinearity of those devices the charge type and 

concentration data can be collected using Hall Probe method.  

 ZnO nanowire has a wide range of effect due to presence of different dopant. So in 

future the fabrication process can be implemented using different dopant during 

growth process. 

 The device can be also used as biosensor. Current study shows that different 

morphology of ZnO have different level of adsorption capability to different 

volatile organic compounds(VOCs) . This work showed that the devise has 2 

distinct morphology in it and showed different level of adsorption at different 

growth condition thus it has positive possibility of performing as an excellent 

Chemiresistive VOC sensor.     
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