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Abstract

Zinc oxide (ZnO) is a multifunctional II-VI semiconductor with a wide direct band gap (~3.37 eV), high
exciton binding energy (~60 meV), and strong piezoelectric response. Its versatile electronic, optical, and
chemical properties have enabled applications across optoelectronics, photodetectors, sensors, energy
devices, photocatalysis, and biomedicine. Engineering ZnO into diverse nanostructures nanoparticles,
nanorods, nanowires, nanosheets, and hierarchical architectures has dramatically enhanced performance.
This review synthesizes recent advances in ZnO materials science, synthesis strategies, and device
implementations. Key engineering strategies including doping, composite formation, heterostructure
design, and hybrid systems are highlighted. Challenges in scalability, defect control, and biocompatibility
are discussed, alongside future directions for intelligent, multifunctional, and environmentally sustainable
ZnO-based technologies.
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1. Introduction

Zinc oxide (ZnO) is a highly versatile semiconductor with a wurtzite crystal structure, notable for its wide
direct band gap, high exciton binding energy, and rich defect chemistry. Its abundance, environmental
benignity, and multifunctionality have made it a cornerstone material for nanotechnology, optoelectronics,
sensing, catalysis, energy harvesting, and biomedical applications [1-3].

The ability to synthesize ZnO in nanoscale morphologies including nanorods, nanowires, nanosheets,
nanoparticles, and hierarchical structures provides enhanced surface area, quantum confinement effects,
and tunable electronic and optical properties [4—6]. This review presents a comprehensive summary of
ZnO research, emphasizing materials engineering, device applications, and emerging directions for next-
generation technologies.

2. Fundamental Properties of ZnO

2.1 Crystal Structure and Electronic Properties

ZnO crystallizes in a non-centrosymmetric hexagonal wurtzite structure under ambient conditions [7]. Its
direct band gap (~3.37 eV) and high exciton binding energy (~60 meV) allow strong UV emission at room
temperature [8,9].
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Intrinsic defects, such as oxygen vacancies (Vo), zinc interstitials (Zn;), and antisite defects, influence
conductivity, photoluminescence, and carrier dynamics, playing a crucial role in device performance
[10,11].

2.2 Surface and Interface Properties

ZnQ’s surface chemistry underpins gas adsorption, catalysis, and biosensing. The absence of inversion
symmetry gives rise to piezoelectric and pyroelectric effects, enabling electromechanical coupling for
energy conversion and nanogenerator applications [12,13].

3. Synthesis Techniques and Nanostructure Engineering

3.1 Hydrothermal and Solution-Phase Methods

Hydrothermal synthesis enables controlled growth of nanorods, nanowires, and nanoflakes at low
temperatures, suitable for flexible substrates and large-area deposition [14,15]. Sol—gel and precipitation
methods are scalable and cost-effective for nanoparticles and thin films [16].

3.2 Chemical Vapor Deposition (CVD) and Physical Deposition

CVD, pulsed laser deposition, and sputtering produce high-quality crystalline ZnO films and oriented
nanostructures with low defect densities, critical for high-performance optoelectronic devices [17,18].
3.3 Template-Assisted and Biological Methods

Template-mediated synthesis enables periodic and ordered architectures, while bio-assisted methods
employ biomolecules for eco-friendly and controllable fabrication [19,20].

4. Optoelectronic Applications

4.1 Photodetectors

ZnO’s wide band gap makes it ideal for UV photodetection. MSM devices, Schottky diodes, and
heterojunction photodetectors benefit from nanostructuring, which enhances surface area and directional
carrier transport. Hybrid devices with graphene, perovskites, or other semiconductors improve
responsivity, detectivity, and response speed [21-25]. Recent reports show solution-processed ZnO
photodetectors with responsivity >10* A/W and sub-microsecond response times [15,26]. Flexible
photodetectors have enabled wearable UV sensing [27].

4.2 Light-Emitting Devices and Lasers

Stable p-type doping remains challenging, yet ZnO nanorods and quantum dots demonstrate efficient near-
band-edge emission. Research is advancing toward visible-light LEDs and optically pumped nanolasers
[28,29].

5. Sensor Applications

5.1 Gas Sensing

ZnO gas sensors detect changes in conductivity upon adsorption of target molecules. Nanostructured ZnO
increases sensitivity by providing high surface area and short diffusion lengths. Sensors detect NO-, CO,
H:, and VOCs, often at room temperature with dopants or noble metal catalysts (Pt, Au) [30-32].

5.2 Biosensors and Chemical Detection

ZnQO’s high isoelectric point and biocompatibility facilitate biomolecule immobilization. FET-based ZnO
biosensors detect glucose, DNA, proteins, and pathogens with high specificity [33—35]. Optical biosensors
leverage ZnO nanostructures to enhance fluorescence and Raman signals [36].
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6. Photocatalysis and Environmental Remediation

ZnO photocatalysis under UV light enables pollutant degradation, water splitting, and antimicrobial
action. Nanostructuring increases active sites and reduces electron—hole recombination. Hybridization
with dopants or narrow-bandgap semiconductors extends activity into the visible spectrum [37-39].
Quantum dots and hierarchical nanostructures exhibit superior photocatalytic performance [40,41], while
composites like ZnO/Ti02, ZnO/graphene, and ZnO/CdS enhance efficiency [42,43].

7. Energy Conversion and Storage

ZnO’s semiconducting and piezoelectric properties support energy harvesting and storage:

e Solar cells: ZnO serves as electron transport layers in DSSCs and perovskite solar cells, improving
charge extraction [44,45].

e Nanogenerators: Piezoelectric ZnO nanorods convert mechanical to electrical energy.

e Energy storage: ZnO/carbon composites improve supercapacitor and battery performance [46,47].

8. Biomedical and Antimicrobial Applications

ZnO NPs generate ROS and disrupt microbial membranes, enabling wound healing, antimicrobial
coatings, and drug delivery [48,49]. Effective against diverse pathogens, ZnO requires controlled toxicity
and biocompatibility assessment for clinical use [50,51].

9. Composite and Doped ZnO Systems

Doping (Al, Ga, In, Ni) and composites (ZnO/graphene, ZnO/perovskite) tailor bandgap, conductivity,
and catalytic properties. Ni-doped ZnO enhances gas sensing, while Al-doped ZnO serves as a transparent
conducting oxide [52-54].

10. Challenges and Future Perspectives

10.1 Challenges

e Defect control: Native defects affect conductivity and optical behavior.

e P-type doping: Stable p-type ZnO remains difficult.

e Scalability: Lab synthesis to industrial scale is nontrivial.

e Selectivity and stability: Sensors need high specificity and long-term performance.
e Biocompatibility: Comprehensive toxicity studies are essential for biomedical applications.
10.2 Future Directions

e Visible-light photocatalysis: Advanced composites for solar spectrum utilization.

e 2D ZnO and hybrid interfaces: Improved optoelectronic and sensing function.

e Neuromorphic devices: Memory and artificial synapse applications.

e Flexible and wearable technologies: Healthcare and environmental monitoring.

o Intelligent sensor networks: Integration with IoT and AI for smart environments.

11. Conclusion

Zinc oxide remains a highly versatile material across photodetection, sensing, energy conversion,
photocatalysis, and biomedicine. Controlled nanostructuring, hybridization, and defect engineering have
enabled high-performance devices. Continued advances in scalable synthesis, hybrid materials, and
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integration with emerging technologies will expand ZnO’s role in multifunctional and sustainable
applications.
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