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Abstract

Nanostructured titanium dioxide (TiO:) has emerged as a highly versatile material for ultraviolet (UV)
and broadband photodetection due to its wide bandgap, chemical stability, low cost, and compatibility
with scalable fabrication methods. By engineering TiO: at the nanoscale through nanotubes, nanorods,
nanowires, nanosheets, mesoporous films, and hierarchical structures researchers have significantly
enhanced its light absorption, carrier transport, and surface-driven photoconductive behavior. Recent
advances in defect tuning, heterojunction design, plasmonic enhancement, and hybrid integration with 2D
materials and perovskites have enabled devices with high responsivity, low dark current, self-powered
operation, and neuromorphic functionalities. This review provides a detailed overview of TiO:
photodetection mechanisms, nanostructuring strategies, device architectures, and state-of-the-art
performance benchmarks. Emerging trends including flexible photodetectors, solar-blind detection,
plasmon-assisted broadband response, and artificial synaptic photodetectors are critically examined.
Remaining challenges and future prospects for high-speed, CMOS-compatible, multifunctional TiO-
optoelectronic systems are highlighted.
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1. Introduction
Photodetectors convert incident photons into measurable electrical signals and are essential in optical
communication, environmental monitoring, imaging systems, flame sensing, and wearable electronics.
While silicon dominates visible-light detection, wide-bandgap semiconductors are required for ultraviolet
(UV) sensing and harsh-environment applications.
Among metal oxides, TiO: stands out due to:

e Wide bandgap (anatase ~3.2 eV; rutile ~3.0 eV)

« High chemical and thermal stability

e Abundance and non-toxicity

« Ease of nanostructuring

o Excellent photocatalytic properties
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Originally studied for photoelectrochemical water splitting [1], TiO> nanomaterials have since been
extensively explored for sensing and optoelectronic applications. Nanostructuring significantly alters
carrier dynamics, surface adsorption, and light-matter interactions, making TiO: highly suitable for
photodetector devices [2-4].

2. Crystal Structure and Electronic Properties of TiO:
TiO: primarily exists in three polymorphic forms:

e Anatase
° RUUIe
o Brookite

Among these, anatase is most widely employed in photodetectors due to its higher carrier mobility and
longer electron—hole recombination lifetime [5].

2.1 Electronic Band Structure

e Anatase: bandgap ~ 3.2 eV

e Rutile: bandgap = 3.0 eV

« Strong excitonic effects

o Deep-level trap states from oxygen vacancies
Defect states critically influence photoconductivity, persistent photoconductivity (PPC), and device
response speed [6].

3. Nanostructured TiO: Architectures
Nanostructuring enhances photodetector performance by increasing surface area, improving directional
charge transport, and boosting photon absorption.

3.1 TiO: Nanotubes
Anodized TiO: nanotube arrays provide:
o Highly ordered vertical channels
o Direct pathways for charge carriers
« Reduced recombination
They are widely used in UV photodetectors and self-powered devices [7].

3.2 TiO: Nanorods and Nanowires

Hydrothermal growth allows vertically aligned nanorods on conductive substrates. These structures:
e Increase optical absorption
o Facilitate rapid carrier collection
e Improve responsivity

Recent 2023 studies report responsivity exceeding 103 A/W in optimized nanorod arrays [8].

3.3 Mesoporous and Hierarchical Structures
Hierarchical TiO: architectures combining nanoparticles and nanosheets enhance light scattering and
photon trapping, beneficial for high-sensitivity devices [9].
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4. Photodetection Mechanisms in Nanostructured TiO:

4.1 Photoconductive Mechanism
Under UV illumination:
1. Electron-hole (e —h") pairs are generated
2. Holes neutralize surface-adsorbed oxygen species
3. Electron concentration increases
4. Conductivity rises
The gain mechanism is primarily controlled by surface adsorption and desorption processes [10].

4.2 Schottky Junction Photodetection
Metal/TiO: interfaces form Schottky barriers, reducing dark current and enhancing detectivity [11].

4.3 p—n and Type-Il Heterojunctions
Combining TiO: with p-type semiconductors improves charge separation efficiency. Examples include:
(] Ti02/Cu0
e TiO/NiO
o TiO2/perovskites
e TiO2/graphene
Type-Il band alignment enables self-powered photodetection [12].

4.4 Photogating and Trap-Assisted Gain
Defect-mediated trap states can significantly increase photodetector gain, though they may slow response
times [13].

5. Synthesis Strategies

5.1 Anodization
Widely used for producing ordered TiO2 nanotube arrays with controllable dimensions [7].

5.2 Hydrothermal Growth
Enables controlled synthesis of nanorods on conductive substrates like FTO [14].

5.3 Sol-Gel and Spin Coating
Allows uniform thin films with tunable thickness, suitable for large-area devices [15].

5.4 Atomic Layer Deposition (ALD)
Provides precise thickness control and conformal coating for heterostructures [16].

6. Device Architectures
6.1 Planar Photoconductors
Simple in design and capable of high gain but require an external bias.
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6.2 Metal-Semiconductor—-Metal (MSM) Structures
Offer low dark current and fast response times [17].

6.3 Self-Powered Photodetectors

Operate at zero bias using built-in electric fields. Recent reports (2022—-2024) show:
e Detectivity >10%3 Jones
e Rise time <100 ps
« Enhanced environmental stability [18-21]

7. Performance Enhancement Strategies (2022—2025 Progress)
7.1 Defect Engineering
Tuning oxygen vacancies via hydrogen annealing or plasma treatment improves responsivity [22].

7.2 Plasmonic Nanoparticles
Au or Ag nanoparticles induce localized surface plasmon resonance (LSPR), extending sensitivity into the
visible range [23].

7.3 Hybridization with 2D Materials
Graphene/Ti0: phototransistors show improved carrier mobility, faster response, and broadband detection
[24].

7.4 Perovskite-TiO: Hybrids
Combining perovskite absorbers with TiO: electron transport layers enables high-gain visible
photodetectors [25].

7.5 Neuromorphic Photodetectors

TiO: nanostructures exhibit memristive behavior, enabling light-controlled synaptic functions such as:
o Paired-pulse facilitation
e Long-term potentiation
e Optical memory storage

Recent studies (2023—-2024) demonstrate artificial visual systems based on TiO2 nanostructures [26].

8. Flexible and Wearable TiO: Photodetectors
TiO:2 nanostructures can be fabricated on flexible substrates such as:
e Polyimide (PI)
e Polyethylene terephthalate (PET)
o Textile fibers
Devices maintain stable performance under bending radii below 5 mm [27]. Applications include:
e UV exposure monitoring
« Wearable environmental sensing
o Biomedical diagnostics
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9. Challenges
Despite advances, several challenges remain:

Persistent photoconductivity affecting recovery
Slow response due to deep traps

Limited visible and near-infrared sensitivity
Reproducibility issues for large-area fabrication
Integration with CMOS platforms

10. Future Perspectives
Promising future directions include:

1.

3D hierarchical nanostructures for improved light trapping

2. All-oxide transparent photodetectors

ok w

Al-integrated neuromorphic vision systems
Broadband UV-visible-NIR hybrid architectures
Radiation-hardened, space-grade TiO: devices

11. Conclusion

Nanostructured TiO: has transformed from a photocatalytic material into a versatile platform for high-
performance photodetectors. Through nanoscale engineering, heterostructure design, and defect
modulation, TiO»-based devices now exhibit high responsivity, low dark current, and even neuromorphic
functionalities. Integration with 2D materials, plasmonics, and perovskites is expected to enable
broadband, intelligent, and multifunctional optoelectronic systems.
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