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TEKNIK PERTUMBUHAN RENDAMAN KIMIA BERBANTU LASER 

UNTUK KOMPOSIT ZINK OKSIDA BAGI PENINGKATAN PRESTASI 

FOTOPENGESAN UV 

  
ABSTRAK 

Optoelektronik telah maju dengan bahan semikonduktor seperti filem zink 

oksida (ZnO) yang didop dengan logam, yang meningkatkan kecekapan peranti UV 

kerana jalur tenaga yang lebar dan tenaga pengikatan eksiton yang tinggi. Mensintesis 

bahan-bahan ini merupakan cabaran, memerlukan teknik yang kompleks. Kajian ini 

menggunakan kaedah Pertumbuhan Mandian Kimia Berbantu Laser (LACBG), satu 

teknik yang cekap dan mesra alam, untuk memperbaiki struktur nano ZnO bagi 

meningkatkan kecekapan fotodetektor UV. Kajian ini meneroka tahap pendopan 

daripada tanpa dop hingga didop dengan tiga logam, menilai pengaruhnya terhadap 

prestasi fotodetektor, dengan tumpuan kepada pengoptimuman sintesis dan kesan 

pendopan terhadap sifat ZnO dan pengesanan UV. Proses ini bermula dengan 

membersihkan substrat—kaca, silikon, dan PET—memilih pelbagai garam (sumber 

zink dan agen), dan menyesuaikan kepekatan dan molariti untuk mengoptimumkan 

pembentukan ZnO. Parameter laser (masa penyinaran, panjang gelombang, kuasa) 

dikaji untuk memperbaiki sintesis. Pencirian melibatkan SEM, EDX, XRD, dan 

spektroskopi UV-Visible untuk menganalisis morfologi, komposisi, struktur, dan sifat 

optik, yang kemudian dibandingkan dengan teknik Pemendapan Mandian Kimia 

(CBD). Akhirnya, fotodetektor UV-MSM difabrikasi dan diuji di bawah cahaya UV. 

Keadaan optimum dicapai menggunakan Zn(NO3)2·6H2O dan C6H12N4 pada substrat 



xxvii 

 

kaca dengan nisbah kepekatan 1:1 dan molariti 0.10 M, di bawah panjang gelombang 

445.5 nm dan laser 5 W selama 6 minit. Pendopan tiga logam menunjukkan prestasi 

unggul, dengan AgxMgxCuxZnO(100-3x) sebagai kombinasi pendopan dua logam terbaik 

dan AgxZnO(100-x) sebagai pendopan tunggal terbaik. Ag mengungguli Cu dalam 

kalangan bahan kontak. Analisis jalur tenaga menunjukkan peralihan biru untuk 

pendopan Mg tunggal (3.24 hingga 3.67 eV) dan peralihan merah untuk pendopan Cu 

dan Ag (3.35 hingga 2.96 eV dan 3.28 hingga 2.84 eV, masing-masing); pendopan dua 

logam dengan AgxMgxZnO(100-2x) menyebabkan peralihan biru (3.4 hingga 3.5 eV), 

manakala semua sampel pendopan tiga logam menunjukkan peralihan merah (3.12 

hingga 2.81 eV). Kristalografi menunjukkan orientasi pada paksi c (satah 002) untuk 

semua sampel kecuali sampel yang didop tiga logam, yang lebih cnderung pada satah 

101. Pendopan tiga logam pada x= 1.0 at% untuk setiap logam menunjukkan sifat 

elektrik yang luar biasa, termasuk nadi segi empat dengan masa naik (22.69 ms) dan 

masa reput yang rendah (26.18 ms), kepekaan tinggi (20954.85), responsiviti (24.95 

A/W), detektif (5.29 × 107  Jones), penguatan (210.55), dan kecekapan (84.67%), 

dengan kuasa bersamaan bunyi yang rendah (2.27 × 10−11) pada bias -3 V, di bawah 

cahaya UV 365 nm dan intensiti 2.0 mW/cm2. Teknik LACBG menawarkan kaedah 

yang cekap, mesra alam, dan kos efektif untuk mensintesis ZnO films bagi fotodetektor 

UV. Dengan mengoptimumkan keadaan sintesis dan menggabungkan pendopan 

logam, proses LACBG mengatasi kaedah CBD konvensional, terutamanya dengan 

ZnO films yang didop tiga logam yang mempamerkan sifat unggul. 
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LASER ASSISTED CHEMICAL BATH GROWTH TECHNIQUE OF ZINC 

OXIDE COMPOSITE FOR ENHANCED UV PHOTODETECTOR 

PERFORMANCE 

ABSTRACT 

This study uses the Laser Assisted Chemical Bath Growth (LACBG) method, 

an efficient, eco-friendly technique, to improve zinc oxide (ZnO) films for enhanced 

UV photodetector efficiency. It explores doping levels from undoped to triple-metal-

doped, assessing their influence on photodetector performance, with a focus on 

synthesis optimization and the effects of doping on ZnO properties and UV detection. 

The process started with cleaning substrates—glass, silicon, and PET—selecting 

various salts (zinc and agent sources), and adjusting concentrations and molarity to 

optimize ZnO formation. Laser parameters (irradiation time, wavelength, power) were 

studied to refine synthesis. Characterization involved SEM, EDX, XRD, and UV-

Visible spectroscopy to analyze morphology, composition, structure, and optical 

properties, which were then compared with the Chemical Bath Deposition (CBD) 

technique. Finally, MSM-UV photodetectors were fabricated and tested under UV 

light. Optimal conditions were achieved using Zn(NO3)2·6H2O and C6H12N4 on a glass 

substrate at a 1:1concentration ratio and 0.10 M molarity, under 445.5 nm wavelength 

and 5 W laser for 6 minutes. Ag outperformed Cu among contact materials. Bandgap 

analysis indicated a blue shift for single Mg doping (3.24 to 3.67 eV) and red shifts for 

Cu and Ag doping (3.35 to 2.96 eV and 3.28 to 2.84 eV, respectively); double doping 

with AgxMgxZnO(100-2x) caused a blue shift (3.4 to 3.5 eV), while all triple doping 

samples exhibited red shifts (3.12 to 2.81 eV). Crystallography showed orientation at 

the c-axis (002 plane) for all except triple-doped samples, which preferred the (101 
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plane). Triple doping at 𝑥 =  1.0 at% for each metal exhibited exceptional electrical 

properties, including a rectangular pulse with low rise (22.69 ms) and decay times 

(26.18 ms), high sensitivity (20954.85), responsivity (24.95 A/W), detectivity 

(5.29 × 107 Jones), gain (210.55), and efficiency (84.67%), with low noise equivalent 

power (2.27 × 10−11) at a -3 V bias, under 365 nm UV light and 2.0 mW/cm2 

intensity. LACBG provides a rapid, green route to doped ZnO films, and optimized 

metal triple-doped ZnO UV photodetectors with markedly improved speed and 

sensitivity. 
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CHAPTER 1 INTRODUCTION 

1.1 Introduction 

Optoelectronics have advanced rapidly through the use of semiconductors such 

as zinc oxide (ZnO) films, which combine a wide bandgap (~3.37 eV) with a high 

exciton binding energy (~60 meV) to enable efficient UV emission, detection and light 

harvesting [88]. Owing to its biocompatibility and stability, ZnO finds application in 

UV LEDs, photodetectors, gas sensors and solar cells, and—as a photocatalyst—

supports pollutant degradation; it also sees use in cosmetics and textiles for 

UV‑blocking and antimicrobial coatings [291, 302]. 

ZnO can be synthesized through various techniques, each suitable for specific 

applications and desired properties. One common method is the sol-gel process, which 

involves the hydrolysis and polycondensation of zinc salts to form a gel-like network 

that converts into ZnO upon drying and thermal treatment. Another popular technique 

is vapor deposition, including chemical vapor deposition (CVD) and physical vapor 

deposition (PVD), which are ideal for producing high-purity and uniformly thin ZnO 

films used in electronics and optics. Additionally, the hydrothermal method, where 

aqueous solutions of zinc salts are reacted under high temperature and pressure, is 

widely used for scalable production of ZnO nanoparticles with excellent control over 

particle size and shape [40, 114, 242]. 

Generally, doping ZnO with metals such as aluminum, gold, silver, and nickel 

enhances its ultraviolet (UV) photoluminescence, allowing the development of UV 

optoelectronic devices [378]. Additionally, ZnO's ability to form different 

nanostructures, such as nanowires and nanorods, allows researchers to explore excitonic 

emissions and develop devices like UV nanolasers and photodetectors [215, 217]. UV 

photodetectors exploit wide bandgap semiconductors to detect high-energy UV 
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photons, converting them into electronic signals. These devices are crucial for 

applications like gas sensing and flame detection due to their high stability, sensitivity, 

and selectivity [231, 420]. The metal-semiconductor-metal (MSM) design is 

predominant, often incorporating nanostructured semiconductors to improve 

responsivity and photocurrent gains, due to their large surface-to-volume ratios [320, 

403]. ZnO-based detectors are particularly notable for their robustness and enhanced 

sensitivity through mechanisms like oxygen adsorption-desorption and metal doping, 

which boost electron-hole pair production [41, 281, 417]. Additionally, semiconductor 

contacts play a significant role, with Schottky and ohmic contacts formed based on 

doping levels and work functions, influencing the charge transport and overall 

performance of the photodetectors [408]. 

ZnO nanostructurs are also used due to their large exciton binding energy, which 

proves especially useful for lasing actions that depend on exciton recombination [54]. 

Furthermore, these materials have been utilized in energy storage [290]. However, the 

complexity of doping processes, especially with multiple metals, presents challenges 

and offers opportunities to customize ZnO's properties for specific needs. Various 

studies have shown that understanding the interactions between dopants and their 

effects on ZnO’s optoelectronic properties is important for optimizing device 

performance [199, 445] (Figure 1.1).  
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Figure 1.1 Examples of the various applications of ZnO NSs. 

 

1.2 Problem Statement 

ZnO is a promising semiconductor for ultraviolet (UV) photodetection due to its 

wide bandgap and high exciton binding energy [369]. However, conventional synthesis 

techniques often lead to non-uniform nanostructures with significant defects and 

impurities, resulting in reduced device performance and reliability [253]. Moreover, 

many of these methods are costly, involve complex equipment setups, and are difficult 

to scale for large-volume production [278]. Consequently, ZnO-based UV 

photodetectors frequently exhibit low sensitivity, slow response times, and high dark 

current [214]. They can also suffer from poor stability under prolonged UV exposure, 

partly due to insufficient crystallinity and the lack of a controllable bandgap tailored for 

selective UV detection [345]. 

These limitations highlight an urgent need for a robust, cost-effective, and easily 

scalable fabrication approach that can produce high-quality ZnO nanostructures. 
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Additionally, methods to enhance device performance—such as reducing defects, 

improving crystallinity, and stabilizing the wurtzite structure—are critical to achieving 

faster response times, lower dark current, and better long-term stability [350]. Metal 

doping has shown promise for increasing localized surface plasmon resonances, 

enabling bandgap engineering, and improving photoconductive gain; however, 

integrating such dopants in a controlled, reproducible way remains a challenge [104]. 

This research addresses these gaps by proposing a Laser-Assisted Chemical 

Bath Growth (LACBG) technique to synthesize both doped and undoped ZnO films for 

UV photodetector fabrication. The LACBG process offers precise control over growth 

parameters, enabling uniform and defect-free ZnO films even at reduced temperatures 

and pressures, which can help lower production costs and simplify scale-up. The 

strategic incorporation of metallic dopants is further leveraged to tailor the bandgap, 

enhance structural stability, suppress dark current, and improve the overall sensitivity 

and speed of the resulting UV photodetectors. 

1.3 Objectives 

The overarching objective of this study is to utilize and refine the LACBG 

technique for the synthesis of a variety of ZnO films, including undoped, single, double, 

and triple metal-doped, and to evaluate their effectiveness in UV photodetector 

applications, specifically: 

1. To optimize the synthesis conditions of the precursor solution and the LACBG 

technique by adjusting various parameters including zinc salt source, agent salt 

source, concentration, molarity, as well as fine-tuning the laser irradiation time, 

wavelength, and power involved in the synthesis processes 



5 

 

2. To investigate the effects of doping—single, double, and triple—by analyzing 

the integration of various dopants—Silver (Ag), Copper (Cu), and Magnesium 

(Mg)—within the ZnO lattice and its impact on the performance of UV 

photodetectors.  

3. To evaluate the effect of different metal contacts, wavelength and intensity of 

incident light, and bias voltage on the performance of ZnO UV photodetectors. 

1.4 Originality of the Study 

This research introduces a LACBG technique for synthesizing single-, double-, 

and triple-doped ZnO films, offering precise reaction control to enhance film quality, 

purity, scalability, and cost-effectiveness. By integrating various metallic dopants, the 

study strategically exploits localized surface plasmon resonances, reduces carrier 

recombination, and traps charge carriers in engineered defect states, thereby lowering 

dark current and stabilizing the wurtzite structure for heightened UV responsiveness. 

        Moreover, bandgap tuning is achieved to optimize UV detection while 

suppressing visible-light interference, ensuring improved photoconductive gain and 

long-term stability. This technique also promotes greener synthesis processes and 

accommodates adjustable laser parameters, enabling researchers to fine-tune material 

properties in a flexible, scalable manner. Taken together, these contributions position 

LACBG as a transformative approach for high-performance ZnO-based UV 

photodetectors, bridging the gap between laboratory innovation and industrial-scale 

production. 
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1.5 Scope of the Study 

To achieve the objectives of this study, its scope is limited to: 

1. Examining the synthesis of ZnO films using various precursors, concentrations, 

and molarities, in addition to analyzing their impacts on surface morphology, 

crystal structure, and optical properties. 

2. Optimize the LACBG technique for synthesizing ZnO films by adjusting laser 

parameters (laser irradiation time, wavelength, and power) and studying their 

effects on film properties. Then, the optimized LACBG technique will be 

compared with chemical bath deposition (CBD) to evaluate their respective 

advantages and limitations. 

3. Assessing how different types of metal contact (electrodes) affect the 

performance of ZnO UV photodetectors. This involves testing various metals to 

see how they influence the photodetectors' efficiency, responsiveness, and 

overall functionality. 

4. Exploring the doping of ZnO films with different elements (Ag, Cu, Mg) and 

their combinations to observe how single, double, and triple doping can modify 

ZnO's electronic and optical properties. The integration of these dopants into the 

ZnO lattice and their impact on UV photodetector performance will be a key 

focus. 

5. Investigating how the bias voltage, alongside the wavelength and intensity of 

incident light, affects the performance of the UV photodetectors. This will help 

understand the photodetectors' dynamic responses under various operational 

conditions and optimize them for better performance. 
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1.6 Outline of the Thesis 

The thesis is divided into six chapters, beginning with Chapter 1: Introduction 

to Laser Assisted ZnO Film Synthesis for UV Photodetector, problem statement, 

objectives, the scope of the study, the originality, and thesis outline  

Chapter 2: "Background and Literature Review," reviews the basics of ZnO 

films, touching on their characteristics, uses, and the progression of synthesis methods 

up to recent advancements. 

Chapter 3: "Methodology" describes the research's technical setup, detailing the 

creation processes, doping approaches, and analysis instruments. 

Chapter 4: "Investigating the Effects of Precursor Selection and Laser 

Parameters on the Morphological, Crystalline, and Optical Properties of ZnO films" 

highlighting noticeable changes or trends in their morphology, crystallinity, and optical 

behavior. 

Chapter 5: "Analysis of the Photodetection Performance in Undoped and Doped 

ZnO films-based UV Photodetectors" explores the development and examination of the 

UV photodetector, concentrating on the performance analysis of the various doped 

samples. 

Chapter 6: "Conclusions and Future Directions" concludes the study, 

summarizing its key findings and significance and suggesting avenues for further 

inquiry based on the research results.  
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CHAPTER 2 BACKGROUND AND LITERATURE REVIEW 

2.1 Nanotechnology and Nanomaterials 

Nanotechnology has impacted the development of functional materials and 

devices; this encompasses various fields, including optoelectronics, solar cells, and 

photocatalysis [240]. This technology leverages the distinct properties of materials at 

the nanoscale to achieve performance characteristics unattainable by their bulk 

counterparts. Accordingly, nanomaterials, characterized by their dimensions being 1 to 

100 nanometers in at least one dimension, have emerged as key components in 

engineering advanced UV photodetectors [73, 450].  

The origin of nanotechnology is often traced back to the pioneering work of 

Michael Faraday in the synthesis of colloidal gold nanoparticles in 1857. However, it 

was not until the late 20th century, following Richard Feynman's visionary lecture 

"There is Plenty of Room at the Bottom" and the advent of the scanning tunneling 

microscope, that nanotechnology emerged as a distinct field. This period marked the 

beginning of rapid developments in synthesizing and applying various nanomaterials, 

including nanoparticles, nanotubes, and quantum dots, each characterized by distinct 

physical, chemical, and electrical properties due to their nanoscale dimensions [30, 378, 

441]. 

This diversity in nanomaterials has been necessary in developing and enhancing 

UV photodetectors, which influence nanomaterials' unique optical and electronic 

properties to offer superior performance over traditional materials [273]. The 

application of nanotechnology in this field has led to significant advancements, with 

nanomaterials enabling the development of more sensitive UV photodetectors, have 

faster response times, and are capable of operating over a broader spectrum of UV light, 

thereby finding critical applications in environmental monitoring, communication 
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technologies, and healthcare [30, 221, 404]. Integrating nanotechnology with 

semiconductor science has opened new avenues for developing advanced UV 

photodetectors, facilitating the exploration of novel materials and device architectures 

that promise even greater efficiencies and functionalities [267]. 

Advances in nanotechnology research throughout the years have been 

substantial, with innovations in nanofabrication techniques allowing for the precise 

manipulation of nanomaterials to enhance UV photodetector device performance [26, 

207, 441]. Despite these advancements, the development and application of 

nanotechnology confront several challenges. Technical difficulties in manufacturing at 

the nanoscale, such as ensuring consistency, scalability, and cost-effectiveness, remain 

barriers. Moreover, nanomaterials' health and environmental impacts necessitate 

thorough investigation to address these concerns [136, 223].  

2.2 Synthesis and Classification of Nanomaterials 

Advancements in nanotechnology have significantly enhanced the ability to 

manipulate and synthesize semiconductor nanostructures with precision that approaches 

the atomic level [83]. This advancement is fundamental in developing nanostructures 

such as quantum wells, wires, and dots, which exhibit electronic state densities distinct 

from those predicted by conventional quantum mechanical models [135]. The synthesis 

of these nanostructures utilizes sophisticated techniques, including chemical vapor 

deposition, physical vapor deposition, electrospinning, sol-gel, pulse laser-assisted 

chemical bath deposition, and laser-induced hydrothermal growth [26, 115, 441]. These 

methods enable the controlled fabrication of nanostructures, tailoring their electronic, 

optical, and mechanical properties to suit specific applications, from optoelectronics to 
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catalysis [312, 441, 445]. Table 2.1 outlines the advantages and potential limitations of 

commonly used synthesis techniques.  

Table 2.1 Advantages and limitations of some of the synthesis techniques. 

Method Advantages Potential Limitations Ref. 

Sol-Gel Process Low-temperature processing, 

reasonable control over 

stoichiometry, and uniformity 

It requires curing and post-

treatment and may have cracks or 

defects in films. 

[40, 75] 

Atomic Layer 

Deposition (ALD) 

Excellent control over film 

thickness, conformal coatings 

Slow deposition rates, limited to 

surface reactions 

[169, 242] 

Hydrothermal 

Synthesis 

Low temperature, environmentally 

friendly, good crystallinity 

Limited to materials stable at high 

pressures and temperatures 

[114, 428] 

Chemical Vapor 

Deposition (CVD) 

Can produce high purity, high-

performance films, versatile 

Requires high temperatures, 

potentially hazardous precursor 

handling 

[242] 

Physical Vapor 

Deposition (PVD) 

Good control over film thickness 

and composition, clean process 

Line-of-sight deposition limits the 

coating of complex shapes 

[149] 

Spray Pyrolysis Simple and scalable, suitable for 

large areas 

Difficult to control stoichiometry 

and uniformity 

[149, 284, 

318] 

Microwave-Assisted 

Synthesis 

Rapid heating, reduces reaction 

times, energy efficient 

Scalability issues and uneven 

heating can be a problem 

[140] 

Chemical Bath 

Deposition 

Simple and inexpensive, good for 

large-area TFs 

Difficult to control film thickness 

and homogeneity 

[84] 

Laser Induced 

Hydrothermal 

Growth 

Precise control overgrowth, 

localized heating 

Equipment intensive, limited to 

small areas 

[110, 189] 

Pulse Laser-Assisted 

Chemical Bath 

Deposition 

Enhanced reaction rates, better 

control over deposition 

Complex setups [115] 

Laser Assisted 

Chemical Bath 

Deposition 

Good control over film properties, 

enhanced reaction rates 

Necessitates advanced 

proficiency 

[441] 
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The classification of nanomaterials into zero-dimensional (0D), one-

dimensional (1D), two-dimensional (2D), and three-dimensional (3D) categories is 

based on their spatial confinement and dimensional properties, which fundamentally 

influence their quantum behavior and, consequently, their physical properties  [450]. 

0D structures, such as quantum dots and nanoparticles, confine electrons in all three 

spatial dimensions, leading to discrete energy levels and a delta-like density of states. 

These properties are exploited in applications requiring quantum confinement effects, 

including quantum dot solar cells and fluorescent markers in biological imaging [243, 

317]. 

1D structures—like nanowires, nanorods, and nanotubes—permit electron 

mobility along a single axis, enhancing charge carrier mobility. This directional 

freedom results in a modified electronic state density advantageous for nanoscale 

electronic devices and sensors [402]. 2D structures like nanosheets and nanowalls, 

where electrons can move in two dimensions, exhibit high surface area and exceptional 

electrical properties, finding uses in flexible electronics, energy storage technologies, 

and photodetectors [139]. 

Three-dimensional structures, including nanoflowers and complex shapes like 

nano-tetrapods, combine bulk material properties with nanoscale surface effects. These 

structures are essential for applications with desirable macroscopic volume and high 

surface reactivity. The quantum effects that dominate the behavior of these materials 

lead to a density of states markedly different from that of bulk materials [383] (Figure 

2.1). 
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Figure 2.1 An illustration of the different classifications of nanomaterials.  

 

Research in nanotechnology is often aimed at understanding the control over 

particle size, shape, and composition through various methods.  The synthesis of 

nanomaterials is broadly categorized into two distinct methodologies: the bottom-up 

and top-down approaches [200].  

The bottom-up approach, also known as the assembly approach, is characterized 

by the assembly of nanomaterials from the atomic or molecular scale. This method 

relies on the principle of self-assembly, where atoms or molecules spontaneously 

organize into structured nanomaterials under specific conditions. Techniques such as 

CVD, sol-gel processing, and molecular beam epitaxy exemplify the bottom-up 

strategy. The bottom-up approach is advantageous for creating nanomaterials with 

complex architectures, including quantum dots, nanowires, and layered structures. 

However, these techniques often encounter challenges such as controlling the assembly 

process and ensuring production scalability [200]. 

Conversely, the top-down approach involves the synthesis of nanomaterials 

from larger bulk materials through physical or mechanical means. This approach uses 
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advanced lithographic techniques, such as electron beam lithography and focused ion 

beam milling, to etch or mill materials down to the nanoscale. While this method offers 

advantages in terms of direct patterning and integration with existing manufacturing 

processes, it often faces limitations related to introducing defects (like doping), 

imperfections, and limitations in the complexity of the structures that can be achieved 

[200]. These methodologies are illustrated in Figure 2.2. 

 

 

Figure 2.2 The classification of nanomaterial synthesis methodologies into 

bottom-up and top-down approaches. 

2.3 Fundamentals of Metal Oxide Semiconductors 

Metal oxide semiconductors (MOS) exhibit superior stability and 

reproducibility over organic counterparts in sensor applications, offering high 

sensitivity, affordability, simple fabrication, low energy consumption, high thermal 

resistance, catalytic capability, and efficient sensing mechanisms [324]. Additionally, 

due to their significant electrical attributes, MOS TFs are being investigated for 

potential in biosensors and memory devices [309, 324]. 
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The importance of materials with high surface area-to-volume ratios in sensor 

technology cannot be overstated for their role in detecting minimal concentrations of 

analytes [163]. The selection of transistor and electrode configurations in electronic 

sensors is oftentimes critical, influencing sensitivity and facilitating active matrix 

functionality [211, 388]. MOS's compatibility with diverse analytes, chemical 

durability, high field-effect mobility, and manufacturing simplicity make them 

promising for biosensor development [419, 420]. 

The appeal of MOS extends to their transparency, scalability, and process 

compatibility, comprising metal cations (e.g., Zn, Cu, Ni) and oxide anions, including 

ternary and quaternary compositions [39, 406]. With silicon-based transistors' 

scalability and cost challenges, metal oxide-based thin-film transistors emerge as 

compelling substitutes in flexible and stretchable electronics [59]. 

Semiconductors are categorized into direct and indirect band gap types [426]. 

Direct band gap semiconductors allow efficient electron-hole recombination due to the 

alignment of valence and conduction bands in momentum space [35]. Conversely, 

indirect band gap semiconductors lack this alignment, necessitating phonons for 

momentum conservation during recombination, which diminishes their optical 

efficiency due to rarer electron-phonon interactions [310]. This is illustrated in Figure 

2.3. 

The investigation of the direct bandgap in photodetectors plays a crucial role in 

assessing their optical properties, specifically the optical absorption edge and the 

generation efficiency of electron-hole pairs when subjected to UV light. These 

parameters are integral to understanding the operational effectiveness of photodetectors, 

as they directly impact the device's ability to convert light into electrical signals. 

Furthermore, the study of the indirect bandgap sheds light on the interactions involving 



15 

 

phonons and the subtler electronic transitions that, despite their lower likelihood, are 

significant in influencing the sensitivity and overall efficiency of UV photodetectors 

[37, 58]. 

On the other hand, the measurement of Urbach energy is critical in 

understanding the disorder within ZnO films, particularly when altered by doping and 

co-doping techniques. The introduction of dopants such as Mg, Cu, and Ag, either 

individually or in combinations, leads to structural changes in the lattice, creating defect 

states that markedly influence the optical properties of these films [241]. Urbach energy, 

which measures the width of the tail of localized states in the bandgap resulting from 

these disorders and defects, offers deep insights into the severity of these defects and 

their influence on the optical absorption characteristics. Through analyzing Urbach 

energy, correlations between structural modifications induced by doping and changes 

in optical properties can be established [153, 398]. 

 

Figure 2.3 An illustration of direct and indirect band gap semiconductors.  
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2.4 Overview of ZnO 

ZnO functions as an n-type semiconductor, characterized by a wide band gap of 

around 3.37 eV, and manifests in three crystalline forms: hexagonal wurtzite, cubic zinc 

blende, and cubic rock salt [270, 299] (Figure. 2.4). The hexagonal wurtzite structure is 

thermodynamically favored at ambient conditions, while zinc blende is only stable on 

cubic substrates [81]. Under high pressures, wurtzite transitions irreversibly to rock salt 

at room temperature, reverting to wurtzite only under elevated temperatures [205]. 

Wurtzite belongs to the space group 𝐶6𝜈
4 , with lattice constants 𝑎 =  𝑏 =  3.249 Å, 𝑐 =

 5.207 Å, and interaxial angles 𝛼 =  𝛽 =  90°, 𝛾 =  120°. In this configuration, zinc 

atoms are tetrahedrally bonded to four oxygen atoms, resulting in a hexagonal close-

packed structure. The ionic radii are 0.74 Å for 𝑍𝑛2+ and 1.24 Å for 𝑂2− [296].  

ZnO exhibits alignment of its valence and conduction bands at a singular point 

within the Brillouin zone [158, 162]. Due to crystal field and spin-orbit interactions, the 

valence band undergoes splitting into three sub-bands. Additionally, understanding the 

variation of ZnO's band gap with temperatures up to 300 K is essential for evaluating 

its functional attributes [373]. 

 

 

Figure 2.4 An illustration of the different ZnO crystal structures. 
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2.4.1 Electrical Characteristics of ZnO                                                             

Undoped ZnO inherently exhibits n-type conductivity, which is attributed to 

intrinsic defects such as oxygen vacancies and zinc interstitials [298]. As a direct, wide 

band gap semiconductor with a significant exciton binding energy (60 meV at room 

temperature), ZnO is advantageous for diverse electronic and optoelectronic uses [291]. 

Its wide band gap offers high breakdown voltages, low noise levels, and the capability 

to handle large electric fields, ensuring operability at elevated temperatures and power 

settings [266]. 

Electron dynamics within ZnO vary with electric field intensity. Under low 

electric fields, electrons experience minimal energy gains, maintaining a stable energy 

distribution and constant electron mobility per Ohm's law. Conversely, high electric 

fields give electrons substantial energy, generating "hot electrons" with temperatures 

surpassing the lattice's, achieving drift velocities beyond steady-state values [19]. 

The electrical characteristics of ZnO differ notably, especially concerning 

carrier concentration in n-type ZnO, which is influenced by the deposition method 

[423]. At room temperature, low-doped n-type ZnO demonstrates an electron mobility 

of approximately 200 cm2 V−1 s−1 [269]. Although p-type doping in ZnO has been 

reported, further confirmation is required [44, 262].  

2.4.2 Piezoelectric Attributes of ZnO 

Wurtzite ZnO NSs exhibit notable piezoelectric properties. This is essential for 

their electromechanical response to applied mechanical stress and strain [122]. Strain 

describes the deformation of solids under external forces, whereas stress denotes the 

internal forces counteracting deformation [256]. Piezoelectricity in materials like ZnO 
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originates from atomic-level polarization changes induced by deformation. This 

phenomenon in ZnO can be ascribed to the tetrahedral coordination of oxygen and zinc 

atoms; external forces lead to a displacement of charge centers, thereby generating local 

dipole moments [68].  

Uniform crystal orientations facilitate the manifestation of macroscopic dipole 

moments under applied forces or pressures. ZnO's piezoelectricity is further enhanced 

by its structure, featuring alternating layers of 𝑍𝑛2+  and 𝑂2− atoms and the absence of 

a center of symmetry, endowing it with pronounced piezoelectric properties and 

substantial electromechanical coupling potential. These characteristics are invaluable 

for developing nano-electromechanical systems, sensors, and transducers with 

electromechanical coupling [248, 399]. 

2.4.3 Optical Behavior of ZnO  

ZnO's direct wide band gap contributes to its optical properties, with emissions 

in the 400-600 nm range arising from both intrinsic and extrinsic defects—oxygen 

vacancies, interstitial oxygen, zinc vacancies, interstitial zinc, and defects—are integral 

to ZnO's performance [22, 177]. Investigations into ZnO's optical attributes reveal its 

utility in optoelectronics, with studies at room temperature demonstrating UV emission 

alongside defect-related visible emissions [179].  

Changes influence ZnO's optical and electrical properties in the deep-level 

defects within its crystal structure. Figure 2.5 details ZnO's electronic structure, 

showing the conduction band (CB) and valence band (VB) along with intermediate 

energy states such as the free exciton, donor and acceptor bound excitons, and intrinsic 

defects 𝑍𝑛𝑖 and 𝑍𝑛𝑉, marked by horizontal red lines. Transition energies between these 
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states and the bands include ≈ 3.37 eV for the free exciton to CB and 3.358 eV and 

3.365 eV for the transitions from 𝑍𝑛𝑉 and 𝑍𝑛𝑖 defects to the VB, respectively [339] 

(Figure 2.5). 

 

Figure 2.5 Schematic of energy levels of ZnO. 

2.4.4 Background on ZnO’s Direct Bandgap, Indirect Transitions, and Urbach 

Energy 

 

ZnO is widely recognized as a direct wide-bandgap semiconductor, exhibiting a 

room-temperature bandgap of approximately 3.37 eV and a high exciton binding energy 

of about 60 meV [7]. In a direct-bandgap semiconductor, electrons can transition from 

the valence band to the conduction band (and vice versa) without requiring a change in 

momentum, which facilitates stronger optical absorption and emission processes. This 

characteristic makes ZnO a highly appealing material for optoelectronic devices, 

particularly in the ultraviolet (UV) range [17]. 

Despite being classified mainly as a direct-bandgap material, certain conditions, 

such as heavy doping, structural defects, or lattice distortions, can lead to the appearance 
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of indirect-like transitions in ZnO. In these cases, additional phonon interactions (lattice 

vibrations) assist the electron transitions between bands [282]. Such indirect transitions 

often manifest as broadened or lower-intensity peaks in optical absorption and 

photoluminescence spectra. The presence of these transitions can impact device 

performance, either by expanding the absorption range or introducing unwanted 

parasitic absorption and scattering losses [11]. Recognizing and controlling the balance 

between direct and any emerging indirect transitions are therefore pivotal in designing 

ZnO-based UV detectors and light-emitting devices. 

Another important parameter in describing the absorption edge of ZnO is the 

Urbach energy. The Urbach energy characterizes the exponential tail of localized states 

extending into the bandgap, often referred to as the Urbach tail [124]. This tail is 

attributed to various disorder effects, such as defects, impurities, and other structural 

inhomogeneities within the crystal lattice [451]. A higher Urbach energy typically 

indicates increased disorder, which can adversely affect optical and electrical properties 

by introducing sub-bandgap absorption and diminishing carrier lifetimes. By contrast, 

a lower Urbach energy signifies a sharper absorption edge, reflecting a more ordered 

crystalline structure [124]. Minimizing disorder and hence the Urbach energy is key to 

maximizing the efficiency of ZnO-based UV photodetectors. 

2.4.5 Thermal Properties of ZnO  

ZnO in its wurtzite structure displays thermal characteristics that are essential 

for high-power and high-temperature device applications [99]. One key parameter is its 

thermal conductivity, which is significantly influenced by phonon-phonon scattering 

from inherent defects, dopant atoms, and other crystalline imperfections [452]. Defect 
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management, therefore, becomes pivotal: it can either enhance or impede phonon 

transport depending on the type, density, and distribution of these defects. 

Another crucial property is thermal expansion, reflecting how the lattice 

dimensions change with temperature. Because wurtzite ZnO is anisotropic, its 

expansion coefficients along the a- and c-axes can differ, affecting stress and reliability 

in device structures. Also important is the specific heat capacity, which stems from 

contributions by lattice vibrations, charge carriers, and structural anomalies, and can 

vary widely based on doping level and crystal quality [155].  

Furthermore, ZnO’s volumetric heat capacity (approximately 2900 kJ·m⁻³K⁻¹) 

underscores its ability to absorb thermal energy, while its elastic constants (e.g., E₁₁ ≈ 

210 GPa, E₃₃ ≈ 211 GPa) illustrate its robust mechanical stability. The average speed of 

sound in ZnO—ranging from about 2760 m·s⁻¹ (transverse) to 6090 m·s⁻¹ 

(longitudinal), further highlights the significance of phonon propagation for heat 

transfer. Meanwhile, a phonon frequency gap of around 3.98 THz emphasizes how 

lattice vibrations are quantized and can influence phonon scattering and thus thermal 

conductivity [400]. 

Taken together, these thermal properties need to be carefully managed in high-

power or high-temperature ZnO-based devices, especially when doping strategies are 

introduced. By optimizing crystal quality, controlling defect concentrations, and fine-

tuning doping protocols, ZnO can be tailored for reliable operation in thermally 

demanding environments. 

2.4.6 Synthesis Parameters and Their Impact on ZnO Properties 

Various factors significantly influence the properties of ZnO films during their 

fabrication. These factors include the choice of substrate, type of zinc salt source, and 
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doping agents, all of which affect the growth orientations, morphologies, and optical 

properties of ZnO films [361]. This includes electrical resistivity, growth orientation, 

and optical band gaps. Furthermore, the molarity and the molar concentration of Zn²⁺ 

ions also have an impact [4, 13, 157] (Table 2.2).  

Table 2.2 Influences of synthesis parameters on the properties of ZnO films. 

Factor  Observed Changes in ZnO Ref. 

Substrate Glass Granular and rough surface morphology; High transparency with 

an adjustable bandgap. 

[287, 319, 

361] 

 

 

  

Silicon Uniform and dense layer; Compatible with semiconductor 

processes; Good epitaxial alignment for electronic applications. 

PET Improve ZnO seed adhesion, impacts nanorod morphology and 

density. 

Zinc Salt Zinc 

acetate 

Larger crystallites and nanoflakes. Reduces the optical band gap. [16, 125, 326] 

Zinc 

nitrate 

Increase grain size; shift the optical absorption band; enhance 

crystallinity and optical characteristics. 

 

Zinc 

chloride 

Enlarges crystallite size; changes morphology from nanorods to 

aggregated structures; varies the band gap energy. 

Agent Source NaOH Affects structure, wettability, and band gaps. [4] 

KOH Causes variations in cavity size, crystallinity, grain size, and 

band gap energy. 

HMTA Enhances the uniformity and smoothness; maintains hexagonal 

structure without forming secondary phases; increases the optical 

band gap energy, 

Molarity  Significantly impacts the electrical, morphological, structural, 

and optical properties, influencing factors like electrical 

resistivity, growth orientation, and optical band gaps. 

[157]  

Concentration  Impacts surface morphology, crystal orientation, and 

photocatalytic activity. These changes affect the optical band gap 

and UV light performance, influencing optical and 

photocatalytic properties. 

[13, 157] 

 

 

  

Research shows various synthesis conditions and their outcomes on ZnO films. 

For instance, using zinc acetate dehydrate with monoethanolamine in a 1:1 molar ratio 

results in a granular surface and a polycrystalline structure with a specific hexagonal 

bandgap [313]. In contrast, under certain conditions, zinc chloride forms rod-like 

structures with low transmittance and distinct optical properties[23]. Variations in the 

precursor concentration, such as those seen with zinc nitrate or zinc acetate combined 
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with different solvents, lead to diverse morphologies and structural adjustments, which 

influence the films' optical band gaps [6, 352] (Table 2.3).  

In recent research, the growth conditions of ZnO films have been precisely 

manipulated using a selection of salts—specifically NaOH, KOH, and 

hexamethylenetetramine (HMTA). These salts play a crucial role in modulating both 

the pH and the ionic environment of the precursor solutions, significantly impacting ion 

dissociation processes vital for the formation of ZnO nanocrystals. The strong bases, 

NaOH and KOH, notably increase the solution's pH, enhancing the deprotonation of 

water and elevating OH− ion concentrations, essential for ZnO formation through the 

hydrolysis and subsequent dehydration of zincite (Zn(OH)2) into ZnO [1, 13, 14].  

Conversely, HMTA functions as a buffer, controlling the release of 

formaldehyde and ammonia during decomposition, which in turn influences the 

crystallization process and the resultant morphology of the ZnO nanostructures. These 

variations in ionic concentrations and environmental pH, introduced by the different 

salts, have a marked influence on the nucleation and growth kinetics of the films, further 

affecting their optical and electrical properties which are crucial for enhancing their 

performance in UV photodetection applications [174, 201, 358]. 
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 Table 2.3 Literature review of the characteristics and optical properties of ZnO 

films. 

Source of 

Zn Salt 

Agent 

Salt 

Source 

Conc. Molarity Surface 

Morphology 

Crystal 

Structure 

Optical 

Characteristi

cs 

Ref. 

Zinc 

acetate 

dihydrate 

C2H7NO Variab

le 

1:1 molar 

ratio  

Granular 

surface 

Hexagonal 

polycrystalline 

structure 

Approximate 

bandgap of 

3.25 eV 

[313] 

Zinc 

acetate 

C₂H₆O 

& 

NH₄OH 

- - Surface 

resembling 

grains, 

transparency 

over 75% 

Polycrystalline 

with a 

hexagonal 

wurtzite 

structure 

Bandgap 

energy 

ranging from 

3.15 eV to 

3.25 eV 

[349]  

Zinc 

chloride 

- - 0.1 M Rod-like 

structures 

observed 

Hexagonal 

phase, with (0 0 

2) preferred 

orientation 

Low light 

transmittance, 

bandgap 

approx. 3.30 

eV 

[23]  

Zinc 

nitrate 

C2H8N2 

& 

NaOH 

- ZnCl2 

(0.04 M) 

and NaOH 

(0.08 M) 

Varies based on 

precursors 

Hexagonal 

wurtzite 

structure 

Bandgap 

between 3.29 

eV and 3.57 

eV 

[367]  

Zinc 

acetate 

C3H8O2 

& 

C2H7NO 

0.15, 

0.25, 

0.5 M 

Varies Formation of 

nanofibers at 

higher 

concentrations 

Good 

crystallinity at 

high 

concentrations 

Bandgap 

narrows (3.28 

eV to 3.22 

eV) as 

concentration 

increases 

[352]  

Zinc 

acetate 

C3H8O2 

& 

C2H7NO 

0.15, 

0.25, 

0.5 M 

Varies Effects on 

dielectric 

constants, 

Urbach energy, 

and absorption. 

- Optical band 

gap varies 

with precursor 

concentration 

[6]  

Zinc 

chloride 

NaOH Variab

le 

1 M to 

0.01 M 

Plate and 

powder-like 

morphology 

- Band gap 

ranges from 

2.59 to 3.57 

eV 

[367]  

Zinc 

acetate 

C3H8O2 

& 

C2H7NO 

- 0.075 to 

0.175 M 

Crystallite size 

and morphology 

dependent on 

zinc ion 

concentration 

Hexagonal 

crystal structure 

with wurtzite 

symmetry 

Low 

absorption at 

340-999 nm, 

the band gap 

increases with 

zinc 

concentration 

to 3.8 eV  

[157] 


