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Abstract 

Tuning the electronic and optical properties of TiO2is very important because of the variety of applications, 

including photocatalysts, electronics and data storage devices, and solar cells. Here, we performed the 

theoretical and experimental investigation of electronic, and optical properties of TiO2and Al doped TiO2in the 

form of bulk and thin film.A tight binding linear muffintin orbital(TB-LMTO) approach is used to optimized the 

TiO2 (anatase) in bulk phase. The optimized lattice parameter of TiO2 (anatase) is found to be 3.89Å.The band 

structure plot reveals that bulk TiO2 (anatase) bears wide bandgap semiconducting behavior with bandgap (Eg) 

3.23 eV whereas thin film of aluminium doped TiO2 (anatase) behaves as a metal. The symmetric nature of up 

and down density of state (DOS) and projected density of states (PDOS) for both bulk and thin film of TiO2

(anatase) ensures their non-magnetic behavior. Experimental observation shows that the surface reflectance of 

the film increases with increasing concentration of aluminium (Al) while transmittance observed as opposite 

trends. The direct and indirect bandgaps of TiO2film evaluated using transmittance curves are 3.53 eV and 3.27 

eV respectively, which are well agreed with the available standard band-gap range of TiO2 film (3.2 eV to 3.65 

eV). The direct band gaps for Al-1% and Al-3% doped TiO2film are 3.60 eV and 3.62 eV respectively with 

thickness obtained from swanepoel method are 682.06 nm and 745.56 nm respectively. 
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1. Introduction

TiO2is one of the frequently used materials material 

in a variety of products, including paints, varnishes, 

pigment, electrical ceramics, photo-catalysts, data 

storage and electronic devices [1-7]. TiO2 primarily 

has three crystal structures: anatase (tetragonal, space 

group I41/amd), rutile (tetragonal, space group 

P42/mnm), and brookite (orthorhombic, space group 

Pbca) (Fig 1). Least stable structure of it 

namedsrilankite (called α-PbO2 type TiO2 or TiO2-

II) is also be found [8,9]. Out of them, rutile and

anatase, are found in most stable states and hence 

both manufactured on an industrial scale. The rutile 

phase begins to form above 600 °C whereas the 

anatase phase forms at lower temperatures [10]. TiO2 

nanoparticles typically develop an anatase phase 

rather than a rutile phase at a lower synthesis 

temperature (600 °C) because of the lower surface 

Gibbs free energy. The metastable brookite and 

anatase phases permanently change into the rutile 

phase while heated between 600 and 800oC [2]. 

Because of versatile application of inert and nontoxic 

TiO2in the fields of hydrogen production devices to 

medicine, and data storage devices to future 

generation technologies, we motivate to investigate 

pristine and doped properties in detail. 
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Figure 1: Unit cells of Rutile (Tetragonal), Anatase (Tetragonal) and Brookite (Orthorhombic) phase of TiO2. 

Titanium atoms are grey and, oxygen atoms are red (ref. 1) 

TiO2 actually has unpredictable electrical 

characteristics. If its average insulating qualities had 

to change to something more conducting or 

insulating, that would be intriguing. For it, we need 

to understand how electronic properties behaves and 

how doping affects them. This is the main motivation 

of present work. 

Most of the electronic properties calculations show 

TiO2has band gap ranging from (2.96eV- 3.35 eV) 

which is limited to application within UV regions 

[11]. The band gap properties increases and chemical 

properties changes due to quantum confinement 

effect. [12, 13, 14].The Electronic properties of TiO2 

can be tuned like other metal oxides [15,16,17]. It 

behaves more insulating after doping Ce and more 

conducting after doping Nb and Fe, respectively 

[18].The electronic and optical properties of 

aluminium doped anatase and rutile TiO2was 

performed by R. Shirely et al. In 2009 [1] using first-

principles approach which could not define 

concerntration dependent nature of band structure. 

The electronic structure and optical response of 

rutile, anatase and brookite TiO2explore some 

intriguing properties [3].Quantum-mechanical 

analysis of the equation of state of anatase TiO2has 

also been discussed in 2001 by M. Calatayud et al 

[4]. Similarly, Humidity sensitive properties of 

nanostructured Al-doped ZnO: TiO2thin films had 

performed by Weon-Pil Tai et al. in 2003 

[5].Enhanced efficiency of dye-sensitized TiO2solar 

cells (DSSC) by doping of metal ions is explained by 

K. H. Ko et al. [6]. The influence of film thickness on 

structural and optical properties of sol - gel spin 

coated TiO2thin film [7] had also been studied. Each 

and every calculations and observations whatever 

explain including above mentioned literature show 

various conflicting and interesting results, though 

these properties are crucial for the practical 

applications. These results encourage us to go more 

insight into the pristine and doping properties. 

The purpose of this paper is to investigate the 

influence of Al doping on the energetics, electronic 

structure and optical properties of anatase phases of 

pristine TiO2theoretically and experimentally to 

explore the application of it in diverse area of 

physics. 

2. Theoretical and Computational detail, and

experimental procedure 

2.1. Theoretical and computational details 

Overall calculations were performed through the 

density functional theory implemented in Tight 

Binding Linear Muffin-Tin Orbitals Atomic Sphere 

Approximation (TB-LMTO-ASA) technique [19-21]. 

The exchange-correlation potential of Von Barth and 

Hedin is used for self consistency calculations to 

solve the Kohn-Sham equation with the aid of 

minimal basis sets and the partial wave approach as 

implemented within TB-LMTO-ASA code [22, 23]. 

For each atom in the unit cell, Wigner-Seitz spheres 

overlap to form the crystal potential which accounts 
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only the energetically higher-lying valence state for 

self-consistent computations. The local-density 

approximation (LDA) [5] as well as LSDA+U 

exchange correlation functional were used to get 

comparable structural and electronic properties with 

experiment. In this approximation, the deeper lying 

core states were treated as atomic like and hence 

called frozen core approximation. The band 

calculation technique are divided into two main 

approaches; one uses trial wave function, which is 

formed as linear combinations of basis functions like 

plane waves in the nearly free-electron (NFE) method 

expands orthogonalized plane waves function into a 

set of energy-dependent partial waves and applies a 

matching condition for partial waves at the muffin-tin 

sphere like the APW and KKR methods [24, 25(14)]. 

Actually, the linearized muffin-tin orbital (LMTO) 

method developed by Anderson [21, 22] uses as basis 

set for expanding the wave function, a set of orbitals 

that form a complete basis set for a muffin-tin 

potential. 

For the computational calculation, every steps 

calculation of energy were iterated to self-consistency 

within the error bar less than 10-6Rydberg. Tetragonal 

nature of anatase phase of Titanium Dioxide having 

space group is I41/amd (space group number 141) 

with lattice parameter a = 3.785 A0and c = 9.514 

A0was used. The position of Ti was taken as origin 

(0,0,0) and the position of O was used at (0,0,0.2064) 

[26]. For the doping purpose, the aluminium at 

different concentration was doped in interstitial 

region of pristine TiO2 (anatase).The geometrical 

optimization were fully optimized within LDA 

approach with force on each atom site less than 0.05 

eV/Å. The K grid mesh of 4 × 4 × 3 Monkhorst-Pack 

was used for geometry optimization, [15NN1] where 

as a 10 × 10 × 8 grid was used for electronic 

calculations. 

In short, the LDA approach provides appropriate 

geometry whereas incorrectly forecast the electronic 

properties of metal oxide like TiO2 [25]. To 

overcome such difficulty a Hubbard correction (DFT 

+ U) is used which incorporates localised d and f 

electrons with a screened Coulomb interaction [27]. 

The value of U can be choosed in random manner 

otherwise has to be chosen through linear response 

approaches [28]. The value of U is system dependent 

and not transferable for the other systems under 

study. 

2.2 Experimental procedure 

Out of many technique [29], we employed spin 

coating technique for thin film preparation [30]. In 

order to make the titanium dioxide solution, 10 ml of 

ethanol and 1 ml of acetic acid were combined. After 

stirring it continuously for 15 minutes, 1.3 ml of 

titanium isopropoxide (TTIP) (Ti [OCH (CH3)2]4) 

was added drop by drop. Now, the mixture was 

bound with 2 drops of Triton X-100 and aged for 24 

hours. 

To make aluminium (Al) doped titanium dioxide 

solution, Titanium isopropoxide (TTIP) (Ti 

[OCH(CH3)2]4) was added drop by drop to 1.3 ml of 

ethanol and acetic acid, then the mixture was agitated 

for 15 minutes. Now, 0.03245g of AgCl3 (based on 

the atomic weight of Ti) was then added for 3% 

doping of aluminium, and it was agitated for 15 

minutes. Triton X-100 was employed as a binder in 2 

drops, which was also aged for 24 hours. Ordinary 

glass of thickness 0.1 cm used as micro slides for the 

deposition in the laboratories. At first the glass plate 

of dimension 1 cm x 1 cm x 0.1 cm was obtained 

using a diamond edge cutter, which was then washed 

through distilled water and ethanol then glass sample 

were cleaned using ultrasonic cleaner for about 5 

minutes. The glass samples thus cleaned were dried 

at temperature 1000Cand subjected to the deposition 

process. Cleaned and dried slides were placed at the 

coating spot in spin coater device. The spin coater 
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was fixed at 3000 rpm with time 30s to make 

homogeneous all over the substrate surface. 5 drop 

pure and aluminium doped TiO2 solution were poured 

on glass substrate by using syringe. After coating, 

coated slides were preheated at 1500Cin high 

temperature closed muffle furnance for 10 min. This 

process was repeated for six times to fabricate the 

pure and aluminium doped TiO2thin film. Finally 

prepared film were annealed at 4500Cin closed 

muffle furnace. Flow chart of thin film preparation of 

pure and Al doped TiO2by spin coating is shown in 

figure (2). 

Figure 2: Mechanism involve in spin coating of pure (left) and aluminium doped (right) thin film of TiO2. 

Transmission and reflection were analysis using UV 

spectrometer (Thermo Scientific, UK, available in 

Kathmandu University) and a Reflectometric 

Spectrophotometer (Ang Tech., USA). The thickness 

(d) and refractive indix (n) were estimated employing 

the well-known Swanepoel method [27]. The optical 

bandgap (Eg) was estimated by the plot of (αhν)2 Vshν 

for direct bandgap and (αhν)1/2Vshν for indirect 

bandgap [7], where α is the absorption coefficient. 

4. Results and Discussion

This chapter summarizes the main findings from the 

TB-LMTO-ASA calculation for the structure and 

electronic structure of Ti, pure TiO2 (anatase) and Al 

doped TiO2. The results from the experimental 

contributions on optical properties of pure and Al 

doped TiO2also summarized. The theoretical 

(TBLMTO_ASA) and experimental calculations are 

explained in short with discussion as follows, 

4.1 Theoretical (TBLMTO-ASA) calculations 

4.1.1 Structural analysis of pristine and Al doped 

TiO2 (anatase) 

TiO2 (anatase) has a Tetragonal structure with the 

space group I41/amd having space group number 141. 

Figure 3: (a) Plot of energy vs lattice constant and (b) Optimized Crystal Structure of TiO2 (Anatase) 
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The lattice constant was taken to be a = b = 3.785 Å 

(7.155 atomic unit) and c = 9.514 Å (17.984 atomic 

unit) [26] as a base for optimized calculation. The 

structural optimization is performed through energy 

minimization process (Fig. 3a). The lattice constant 

for the optimized structure is obtained as 3.888 Å 

(7.35 a. u.) close to experiment within the error-bar of 

computational calculations. Further calculations are 

performed using this lattice constant. The energy 

minimization curve and optimized crystal structure 

are shown in figure (3). 

Aluminium is doped in interstitial site without 

disturbing other parameter of pristine TiO2(Anatase) 

as in figure. 

Figure 4: Unit cell Al dopedTiO2 (anatase) in interstitial sites. 

4.1.2 Electronic properties of pristine and Al 

doped TiO2 (anatase) 

Using the optimize value of lattice constant (3.888 

Å), the band structure and density of states (DOS) of 

TiO2 (anatase) is determined within LDA along with 

Coulomb interaction parameter (LDA+U) 

approximation. As LDA underestimates the band gap 

of metal oxides, we have tested random value of U. 

The calculation shows that band gap properly opens 

at U=7 eV with band gap 3. 23 eV close to the 

experimental [31] (Fig. 5 a, 5b).Figure (5) shows that 

the indirect band gap is observed at X-Γ with band 

gap 3.23 eV. We observed 38 bands within the energy 

range of 52.87 eV (ΓMax= 35.81 eV ΓMin=-17.06 eV). 

The band gaps at different symmetric points under 

LDA and LDA+U along with experimental value is 

depicted in table (1). 

Figure 5:(a) Band structure and (b) DOS of TiO2(anatase) under LDA+U (U = 7 eV) approximation. 
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Table 1: Band gap of TiO2 (anatase) at different symmetrical points under LDA and LDA+U approximation along with 

experimental result. 

Symmetric Points LDA (eV) LDA + U(eV) Exp.(eV) 

  X- Γ   1.98   3.23   3.20 [31] 

  Γ- Γ   2.14   3.49 

  X-Z   2.28   3.59 

  X-X   3.10   4.24 

  X-P   3.30   4.31 

  X-N   3.00   4.12 

The band structure and symmetric nature of up and 

down Density of States (DOS) calculations reveal 

that TiO2at anatage phase behaves as wide band gap 

semiconductor with para-magnetic behavior. 

The contributions of different orbitals of Ti and O are 

obtained from projected DOS (Fig. 6). From the 

figure, it is seen that the valance band edge of TiO2

(anatase) is dominated by O-2p, and the conduction 

band edge is formed from Ti-3. 

Figure 6: PDOS of TiO2under LDA+U with U=7eV approximation. 

Now for the doping procedure, we have chosen 

interstitial sites so that there is no change in band 

number and lattice parameters. After doping 

TiO2anatase, its semiconducting nature changes to 

conducting (Fig.7) 

Figure 7: Band structure along with total DOS of Al doped TiO2. 
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At the same time the energy range so obtained bands 

are squeezing to 51.58 eV (ΓMax= 28.41 eV ΓMin=-

23.17 eV) indicating that bands are closely compact. 

After adding aluminium in empty sphere, the distance 

between the atoms become shorter as a results of it 

bands are shifted downward the Fermi level and 

hence overlapping of conduction and valance bands 

give rise to metallic behavior. The symmetric nature 

of up and down spins of total DOS and PDOS 

indicating that Al-doped systems is non- magnetic 

conducting material (Fig. 8a,b). 

Figure 8: (a) Total DOS and (b) PDOS of Al - TiO2under LDA approximation. The vertical dotted line 

represent the Fermi level. 

Figure 8 shows that in the Fermi level of Al-

TiO2valance and conduction band edges are 

dominated by Ti-d and O-p and presence of other 

orbital are very minimum comparison to Ti-d and O-

p. 

4.2 Experimental measurements 

The TiO2thin films transmittance were measured 

using UV visible spectrophotometry, over the range 

200 nm - 1100 nm. The transmittance spectra were 

recorded at 2 nm wavelength interval at room 

temperature. The optical transmittance spectra of 

TiO2in figure (9a) were derived by averaging of 5 

measurements (at 5 locations, center and 4 other 

location around center). The spectra apparently show 

that at λ above 400 nm the films are highly 

transparent up to max. 90 % with average value of 85 

%. While, transparency show gradual decreases with 

increase of wavelength as shown in figure (10 b). 

Figure 9: (a) Optical transmission and (b) reflection spectra of pristine and Al doped TiO2 thin film. 

G. C. Kaphle et al. /LEC Journal 2023, 5(1): 17-27



24 

It is also seen that in the wavelength range of 200 nm 

- 350 nm, the transmittance of thin film has reduced 

to minimum value up to 4 - 5%, indicating the 

opacity to UV in the range 200 nm - 350 nm due to 

absorption of UV radiation by TiO2crystals. 

Surface reflectance of above indicated films were 

also recorded and presented in the figure (10b). 

Similar to method adopted for transmittance 

measurement, the reflectance shown in figure (10b) 

are produced by averaging 5 measurement for each 

samples. It is observed that increasing trend 

reflectance is appeared with increasing Al 

concentration which is tabulated in Table (2). 

Table 2: Optical values of pristine and Al doped TiO2thin film by spin coating method. 

Sample Undoped TiO2 Al-1%  TiO2 Al-3%  TiO2 

Transmittance (%)  74.3  71.5  70.7 

Reflectance (%)  16.5  21.4  22.6 

Thickness (nm)  491.52  682.06  745.56 

Direct bandgap (eV)  3.53  3.60  3.62 

Indirect bandgap (eV)  3.27 

Theoretical indirect bandgap (eV) (present)  3.23 

Experimental bandgap (eV) (previous)  3.20 [31] 

Table (2) also listed the thickness for pure and Al 

doped TiO2thin film, which were extracted from the 

well-known Swanepoel method [32]. That is the 

thickness of the film using this method can be 

calculated using the equation 

d =λ1λ2/2(λ1n2− n1λ2) 

Where, n1and n2are the refractive indices calculated 

from two consecutive maxima or minima 

corresponds to two wavelengths of λ1and λ2. Table 2 

shows that the thickness of film is increased with 

increasing aluminium concentrations. 

The band gap of thin films can be determined from: 

αhν = A(hν − Eg)r 

Where A is a constant, hν is the photon energy, Egis 

the optical energy gap of the material, and the 

exponent r, is characteristic of the type of the optical 

transition process [33]. The value of r takes as 1/2, 

3/2, 2 and 3 for direct allowed, direct forbidden, 

indirect allowed and indirect forbidden transitions 

respectively [7].The slop of plot (αhν)2 and 

(αhν)1/2along Y-axis and hν in along X-axis gives 

direct and indirect band gap. From the experimental 

(slop) study the direct and indirect band gap (Eg) 

found as 3.53 eV and 3.27 eV for TiO2respectively 

which is comparable to theoretical result. Similarly 

Al-1% doped and Al-3% doped TiO2 thin film show 

direct types of band gaps with values3.60 eV and 

3.62 eV respectively. These results also supports the 

quantum confinement assumption.The band gaps of 

Aluminium doped TiO2is slightly increased with the 

increase of concentration of aluminium p is depicted 

in table (2). The slightly larger optical band gap (3.27 

eV) energy than the reported value for bulk anatase 

(3.2 eV) is due to the lattice distortion produced by a 

mismatch between the film and the substrate [33,34]. 
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Figure 10: The direct (left) and indirect (right) bandgap for pristine TiO2from the experiment. 

Figure 11: The estimated band gaps for Al-1% doped TiO2 (left) and Al-3% doped TiO2 (right) obtained from 

experiment. 

5. Conclusions

Present result compared the experimental and 

theoretical calculations. The optimized lattice 

parameter obtained from first principle approach for 

pristine TiO23.888 Ao with c/a ratio 2.5, which is 

comparable to experiment as well as previously 

reported data indicating that we have successfully 

prepared porous and transparent TiO2thin films using 

titanium isopropoxide. The indirect band gap of 

pristine TiO2 (Anatase) from DFT +U calculations 

through TB-LMTO approach is found 3.23 eV with 

U=7eV, which is close to experimental result 3.27 eV. 

The slight discrepancy is mainly due to the lattice 

distortion produced by a mismatch between the film 

and the substrate. The optical properties of TiO2were 

investigated using Spectroscopic refractometer, The 

thickness of the six cycle coated thin film of pure 

TiO2 was found to be 491.52 nm and band gap value 

was to be 3.27 eV (indirect) and 3.53 eV (direct). 

When aluminium is doped at interstitial region of 

TiO2, the valance bands and conduction bands are 

found to be overlapping with each other indicating 

metallic nature. The symmetric nature of up and 

down DOS and PDOS of TiO2 (anatase) and Al doped 

TiO2show that both pristine and doped systems are 

non-magnetic in nature. As concentration of Al doped 

on the thin film of pristine TiO2increased slightly 1% 

Al doped (3.60 eV) and 3% Al doped TiO2(3.62 eV), 

band gap also increased, respectively, which also 

follows the quantum confinement properties. While 

Al is substituted in the interstitial sites withought 

changing bands number and volume system becomes

conductor. 
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