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ABSTRACT 

Titanium dioxide has gained attention in current fundamental research for 

photodetector application. Commercial UV photodetectors uses  Si-based materials 

that have a low bandgap and needed a filter to filter-out visible light wavelengths. For 

that reason, TiO2 is widely studied as it has a wide bandgap that absorbs only UV 

wavelength. Even so, the slow carrier transport of TiO2 has been considered a 

drawback that can limit its full potential in these applications. Focusing on the 

electronic properties of the material, this study used several dopant concentrations to 

enhance rutile TiO2 electron concentration and mobility by using niobium (Nb) and 

boron (B) as dopants in nanorods TiO2. Well-aligned TiO2 nanorods were fabricated 

with 1.00 mL of TiO2 precursor as a preliminary study. Herein, the Nb and B-doped 

rutile TiO2 nanorods were fabricated by using hydrothermal method with FTO as a 

substrate. Based on the finding, doping process was successfully done with 

confirmation on the presence of Nb and B dopants in TiO2 lattice by XPS 

spectroscopy. Photocurrent analysis of the TiO2 nanorods shows increasing current 

approximately 2.3 times larger than undoped TiO2 for 0.25 w.t.% Nb doped, and 1.8 

times larger for 1.00 w.t.% of B doped with bandgap of 3.09 and 3.04 eV, respectively. 

While B doping does not give significant changes to the nanorod, Nb dopant inhibits 

nucleation sites on the FTO thus reducing the density of nanorods in high doping 

concentration. Annealing treatment was done to enhance the crystallinity of the 

nanorods with the annealing temperature varied from 200 to 500 °C. Annealing 

treatment on both samples showed an increase in the photocurrent with enhancement 

on the crystallinity of samples at 300 °C annealing temperature. The results prove that 

electron concentration and mobility of rutile TiO2 nanorods can be enhanced by using 

Nb and B dopants. Highly crystalline nanorods can be achieved with annealing 

treatment at 300 °C that will further enhance the electronic properties of rutile TiO2 

nanorods thus making it beneficial in UV photodetector application. 
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ABSTRAK 

Titanium dioksida telah mendapat perhatian dalam penyelidikan asas untuk aplikasi 

pengesan foto. Pengesan foto UV komersial menggunakan bahan berasaskan Si yang 

mempunyai jurang jalur yang rendah dan memerlukan penapis untuk menapis jarak 

gelombang cahaya yang boleh dilihat. Atas sebab itu, TiO2 dikaji secara meluas kerana 

ia mempunyai jurang jalur lebar yang hanya menyerap jarak gelombang UV. 

Walaupun begitu, pengangkutan pembawa TiO2 yang perlahan telah dianggap sebagai 

kelemahan yang boleh mengehadkan potensi penuhnya dalam aplikasi ini. 

Memfokuskan kepada sifat elektronik bahan, kajian ini menggunakan beberapa 

kepekatan dopan untuk meningkatkan kepekatan dan mobiliti elektron TiO2 rutil 

dengan menggunakan niobium (Nb) dan boron (B) sebagai dopan dalam nanorod TiO2. 

Nanorod TiO2 yang jajar telah dibuat dengan 1.00 mL prekursor TiO2. Di sini, nanorod 

TiO2 rutil terdop Nb dan B telah dibuat dengan menggunakan kaedah hidroterma 

dengan FTO sebagai substrat. Berdasarkan penemuan, proses doping telah berjaya 

dilakukan dengan pengesahan kehadiran Nb dan B dopan dalam kekisi TiO2 oleh 

spektroskopi XPS. Analisis arus foto bagi nanorod TiO2 menunjukkan peningkatan 

arus kira-kira 2.3 kali lebih besar daripada TiO2 yang tidak didop dengan nilai 0.25 

w.t.% oleh dopan Nb, dan 1.8 kali lebih besar dengan nilai 1.00 w.t.% oleh dopan B. 

Walaupun doping B tidak memberikan perubahan ketara kepada morfologi nanorod, 

dopan Nb telah menghalang tapak nukleasi diatas FTO sekali gus mengurangkan 

ketumpatan nanorod dalam kepekatan doping yang tinggi. Rawatan penyepuhlindapan 

telah dilakukan untuk meningkatkan kehabluran nanorod dengan suhu 

penyepuhlindapan yang berbeza-beza dari 200 hingga 500 ℃. Rawatan 

penyepuhlindapan pada kedua-dua sampel menunjukkan peningkatan dalam arus foto 

dan pada kehabluran sampel dengan suhu penyepuhlindapan 300 ℃. Ini menunjukkan 

bahawa kepekatan elektron dan mobiliti nanorod TiO2 rutil boleh dipertingkatkan 

dengan menggunakan dopan Nb dan B.  
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

1.1 Background Study 

 

Titanium dioxide (TiO2) has emerged as a potential material in UV photoconductive sensor 

applications. Titanium dioxide has a direct and wide bandgap energy that allows it to strongly 

absorb UV light. When TiO2 is illuminated with UV light, electrons from the valence band are 

excited into the conduction band to give rise to conductivity. The increase in conductivity due 

to the excitation of electrons under UV irradiation produces a signal that can be used for UV 

light detection. Photo-detection in the ultraviolet (UV) area has attracted attention due to its 

numerous applications in industries, instruments, and our daily life. Ultraviolet light is defined 

as a portion of the electromagnetic spectrum that also includes visible light, radio waves, X-

rays and microwave, with wavelength ranging from 100 to 400 nm that can be further 

subdivided to: Vacuum UV (100-200 nm), UVC (200-280 nm), UVB (280-315 nm), and UVA 

(316-400 nm) [1]. It has wavelength that is shorter than visible light, but longer than X-rays as 

shown in Figure 1.1. With the focus being in the UVA, the direct bandgap of TiO2 at 3.40 - 

3.00 eV at room temperature [2], [3] is suitable as UVA energy lies in the range of 3.9 to 3.1 

eV.  
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 2 

 
Figure 2.1: Electromagnetic spectrum showing the wavelength of three types of ultraviolet 

that is UVA, UVB, and UVC  

 
TiO2 has a melting point of 1825° which implies strong bonds and shows that it is a 

thermally and chemically resistant material [4]. Rutile, anatase, and brookite are three phases 

of TiO2 that are widely known to have existed in either bulk structure or nanoparticles. Rutile 

has six atoms in a unit cell with each titanium atom is bonded to six oxygen atoms, meanwhile, 

each oxygen atom bonded to three titanium atoms. With a slightly more distorted structure 

compared to rutile, anatase structure has two of the titanium-oxygen bonds that are much longer 

than the other four bonds. On the other hand, brookite has the same interatomic distance to 

those of rutile and anatase, but different in its O-Ti-O bond angles [5]. Figure 1.2 shows the 

schematic conventional unit cells for (a) anatase, (b) rutile, and (c) brookite TiO2. Each 

polymorph of titanium dioxide contributes to different uses. For rutile phased TiO2, due to its 

high refractive index, it is usually used in high-grade, corrosion-protective white coatings and 

paint, or plastics, rubber, leather, and paper. The anatase phase has great pigment and optical 

properties due to its electronic structure and is usually used as an optical coating. Meanwhile, 

the application of brookite TiO2 is restricted mainly because it was hard to be synthesized. 

 
Figure 1.2: The schematic conventional unit cells for (a) anatase, (b) rutile, and (c) brookite 

TiO2 [6] 
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Titanium dioxide is an important material because of its functional properties. For 

example, under certain conditions, it can absorb ultraviolet (UV) light, and is transparent to the 

visible light spectrum [7]. Additionally, TiO2 is substantially less expensive than other 

materials and their reserve is abundant [8]. Its properties can also be altered chemically to 

enhance its properties, for example, through the doping process, which can provide free carriers 

to increase its efficiency as a photo-catalyst depending on the type of dopants used as different 

dopant may not have the same effect on trapping electrons and/or hole [9]. In nanomaterials, 

specific surface area and surface-to-volume ratio would increase as the size of nanomaterials 

decreases [10]. For TiO2-based devices, high surface area from small particle size would be 

advantageous. Thus, the performance of TiO2-based devices was primarily impacted by the 

sizes of TiO2 materials itself, particularly at the nanometre scale. 

Nanostructured materials have been extensively studied due to their potential use in fabricated 

micro and nanoscale devices. It has a very high aspect ratio, reduced power consumption, and 

higher integration densities than bulk materials. It also exhibits superior stability owing to its 

high crystallinity [11]. Titanium dioxide is a semiconductor material that can be shaped into 

various crystals. Nanowires, nanoflowers, nanorods, and nanofibers are among the many 

structures that have been reported in literatures as shown in Figure 1.3 [12]–[15]. Such 

structures exhibit novel properties that can facilitate the fabrication of novel and efficient 

nanoscale devices.  

 
Figure 1.3: TiO2 morphology in (a) nanorods, (b) nanoflowers, and (c) nanotubes [12], [13], 

[16] 
 

Nanostructured TiO2 has a large surface-to-volume ratio that can be used to enhance 

the performance of devices. As the size is reduced, devices become faster. This size reduction 

phenomenon also contributes to the quantum confinement phenomenon. Quantum confinement 

traps electrons in a small area in such a way that controlling the movement of the electrons in 

a particular direction becomes easier. Many investigations have focused on nanostructured 

TiO2 for usage in fabricated devices, such as dye-sensitized solar cells, photocatalysts, various 
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sensors, and LEDs. Numerous structures of TiO2 can be produced depending on the technique 

used. Example of the techniques include chemical bath deposition (CBD), hydrothermal 

method, sol-gel method, and RF sputtering. However, solution-based techniques are preferred 

in producing high-quality TiO2 at a low cost and therefore allowing the fabrication of UV 

sensors at minimal cost. Furthermore, using this technique, the growth of TiO2 structure can be 

easily controlled via the addition of a stabilizer or surfactant. The solution-based technique has 

additional advantages, such as facilitating the growth of TiO2 at low temperatures at a large-

scale with simple processing methods [17]. 

TiO2 has been reported to be an intrinsically n-type semiconductor due to its oxygen 

deficiency [18], [19]. The intrinsic n-type conductivity of TiO2 can be enhanced by introducing 

elements such as boron (B), nitrogen (N), niobium (Nb), and magnesium (Mg) [20]–[22]. The 

doping process is done to modify an intrinsic semiconductor in order to create imperfections 

in the mother materials by inserting impurities in certain amounts using certain methods. 

Doping of TiO2 to reduce bandgap had an early success using nitrogen as a dopant source [23]. 

Since then, there was an extensive study on metal and non-metal doping of TiO2. Niobium 

doped TiO2 attracted massive attention especially in photocatalysis and dye-sensitized solar 

cells as an anode material. After doping, the Nb element can provide excess electrons in TiO2 

conduction band. The increase of electron concentration makes the electron conductivity 

improved due to the positive shift of conduction band minimum (CBM) [24]. For solar cells 

application or self-powered photodetector, this can help suppressing recombination in 

TiO2/electrolyte interface. Nb doping on TiO2 can also help in lowering the bandgap to extend 

the absorption range of TiO2 into the visible region and thus making it a visible light active 

catalyst under solar irradiation [25]. 

Other than metal doping, non-metal doping such as B, C, and N has also been 

extensively studied during the past years. B-doped TiO2 has been proven to enhance the 

performance of solar cells [26]. This increase was mainly due to the improvement of the TiO2 

in its mobility and crystallinity. High crystallinity of B-doped TiO2 comes from the B atom that 

is present in the TiO2 matrix as a nucleus due to B3+ having smaller ionic radius (20 pm) than 

Ti4+ (60.5 pm), providing a good crystal growth. As for mobility, the TiO2 nanorods crystalline 

structure was improved as the boron atom partially reduce the Ti4+. Recently, co-doping of both 

metal and non-metal ions has been attracting attention to enhance its functional properties in a 

single deposition. For instances, a past research has shown successful co-doping of Nb and N 

as metal and non-metal element, respectively [27]. By using these two materials, the material 

was reported to have increased photocatalytic activity from N doping and conductivity from 
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