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Abstract: One of the major problems in developing countries is dearth of sufficient 

energy, which in turn hampers sustainable development. Anatase is one of the 

prominent polymorph of Titanium dioxide (TiO2) with great potential for solar 

application except for its wide band gap which limits its solar energy utilization to 

about 4%. It has fascinated much devotion from researchers owing to its extensive 

array of applications coupled with its availability and cost effectiveness. Doping 

has been presented as a means to narrow the band gap thereby enhancing its 

efficiency for solar application. Electronic and optical properties are presented 

here for pure and Nitrogen (N) doped anatase. The study is based on the density 

functional theory (DFT) using generalized gradient approximation (GGA) in 

addition to Coulomb Interaction (U) as implemented in quantum espresso code 

while the optical properties calculation was done with the Yambo code. With the 

inclusion of U parameter of 12.5eV, band gap of 3.1eV was obtained which 

compared favorably with experimental results. Doping concentration of 3.1% gave 

rise to band narrowing while Partial density of state (PDOS) shows that the band 

narrowing in anatase is due to the contribution from 2p state of the Nitrogen 

dopant. The optical properties calculated revealed that N-doped anatase has optical 

crests in the visible light range of electromagnetic spectrum which makes it a 

potential material for solar application with higher efficiency than pure anatase.  

Keyword: Anatase, doping, solar, dielectric constant.  

 

     51 

 

mailto:akinola.olayinka@edouniversity.edu.ng
mailto:solayinkaa@gmail.com


Introduction 

Recently, South Africa commissioned 

her first solar powered airport which 

happened to be the first in Africa after 

the first was launched in Indian few 

years ago. The airport generates 750 kW 

every day against 400kW required to 

run it daily[1]. African especially 

Nigeria is favoured in term of daily 

solar radiation of up to 220 W/m2 as 

against about 150 W/m2 for USA and 

100 W/m2 for Europe [2], thereby 

making it a stanch source of energy that 

is also renewable. Solar radiation is 

freely available; however, the major 

setback is the high cost associated with 

solar panels, making it inaccessible to 

the majority of growing populace in 

dare need of power to foster and drive 

sustainable developments. Anatase is a 

Polymorph of titanium dioxide (TiO2) 

and it is a wide band gap material. 

TiO2is nontoxic and relatively 

inexpensive. It is physically and 

chemically stable [3-5].TiO2 is useful as 

photo-catalyst in solar applications, 

electric gas sensor, white pigments, 

biomaterials, memory devices and 

optical coatings [6-9]. TiO2 is one of the 

important semiconductor photo-

catalysts. A semiconductor photo-

catalyst is a wide band gap 

semiconductor that can increase the rate 

of certain chemical reactions when 

exposed to light without directly 

participating in the reactions. The 

chemical/photochemical stability of 

TiO2 is very high in comparison with 

other metal oxide materials[10]. It can 

be easily prepared and analysed by 

several experimental techniques thereby 

making it a preferred system for 

experimentalists [6].  

Anatase is an auspicious material for 

Thin-Film solar panels except for its 

wide band gap which restrict it to utilize 

only about 4% of the solar energy[11]. 

The efficiency of monocrystalline is 

between 15-20% and polycrystalline 

between 13-16%. Thin-film solar panel 

prototypes have efficiencies range of 7–

13% while production modules have 

efficiency of about 9% subject to 

manufacturing techniques. Future 

module efficiencies are anticipated to 

range between 10% and 16% [12]. 

Interest in thin-film solar panels was 

driven by the relevant advantages it 

offers like simple mass-production 

technique thereby dropping the price of 

solar panels drastically, it can be made 

flexible giving way to new potential 

applications. Temperature variation has 

less impact on its performance and it 

can be used where there is restriction in 

space.  

In order to improve anatase efficiency 

for solar application, band gap 

narrowing has been suggested as a way 

for the material to absorb major part of 

the solar spectrum [11].Doping has been 

reported as a potential means of band 

narrowing for TiO2[13]. Doping is the 

addition of impurities to in order to 

produce or modify the properties of a 

material. Doping anatase with Nitrogen 

(N) atom had been reported to improve 

optical absorption in the visible light 

region [14] due to band narrowing 

introduced by the dopant. However 

there is controversy on the source of the 

phenomenon responsible for band 

narrowing; it has been reported that 

band narrowing of anatase was due to 

mixing of the valence band with 

Nitrogen 2p states [15]; experimentalists 

reported that it was due to localized 

Nitrogen 2p states[14, 16] while other 

theoretical studies also concluded it was 

due to localized gap Nitrogen 2p states 

above the Valence band Maximum 

(VBM) because mixing of Nitrogen 2p 

and Oxygen 2p was considered too 

weak to yield substantial band 

narrowing[17, 18]. 
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Optical properties of material refer to 

the response of such materials when 

exposed to electromagnetic radiation. 

Optical properties of materials are 

crucial and over the years it has been 

extensively investigated for several 

materials with promising applications. 

In order to investigate the optical 

properties of a material, it is necessary 

to study the complex dielectric function, 

ε(ω) which is defined as [19] 

ε (ω) = ε1 (ω) + i ε2 (ω)         (1) 

where ε1 (ω) is the real part and ε2 (ω) is 

the imaginary part of dielectric function, 

which is mainly related to the electronic 

structure of a compound. Other optical 

constants, such as the refractive index n 

(ω), extinction coefficient k(ω), optical 

reflectivity R(ω), absorption coefficient 

α(ω), energy-loss spectrum L(ω), and 

complex conductivity function σ(ω), can 

be gained from the complex dielectric 

function ε(ω). The imaginary part of 

dielectric function describes electronic 

absorption of materials while the real 

part relates to the electronic 

polarizability of materials. The real part 

of the complex dielectric function ε1 (ω) 

can also be evaluated from the 

imaginary part ε2 (ω) through the 

famous Kramer’s Kronig relationship 

[19].The imaginary part of the dielectric 

constant ε2 (ω) can be described as [20, 

21] 
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where Ω is the volume of the 

elementary cell, vector u represents the 

polarization direction of the electric 

field of the incident photon, v represents 

the valence band while c represents the 

conduction band, k represents the 

reciprocal lattice vector, and ω 

represents the frequency of the incident 

photon while ħ represents the 

normalised Planck constant. 

ˆ  .c v

k ku r 
 

represents the matrix 

elements that determine the probabilities 

of excitations of electrons occurring 

from the energy levels in the valence 

band (
v

kE ) to the energy levels in the 

conduction band (
c

kE ) i.e. inter-band 

transitions. 

Equation 1 shows the relationship 

between the dielectric function, ε(ω) 

and imaginary part of dielectric function 

ε2(ω) while equation 2 shows the 

relationship that exists between the 

imaginary part of dielectric function 

ε2(ω) and electronic band structure. 

Optical transition peaks correspond to 

optical transitions between two states 

while the intensity of peaks is 

proportional to density of states. 

The valence electronic configurations of 

the pseudopotentials are 2s22p4 for 

oxygen, 2s22p3 for nitrogen and 

3s23p63d24s2 for titanium because only 

the outer shell electrons are considered. 

Inner shell electrons are often localized 

around its ion and do not contribute to 

covalent bonds. So, instead of a physical 

potential for the nucleus and the inner 

electrons, a pseudopotential is used that 

simulates the effects of a nucleus 

potential that is screened by its inner 

electrons. The 2x2x1 supercell of pure 

anatase TiO2 consists of 48 atoms (i.e. 

16 Titanium atoms and 32 Oxygen 

atoms). For the N doped anatase one out 

of the 32 oxygen atoms was replaced 

with one Nitrogen atom which 
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corresponds to 3.1% impurity level of 

doping. 
 

Computational Methodology 
Anatase is a tetragonal structure with 

space group number 141 (space group 

D_4h^19-I4_1/amd with Patterson 

symmetry I4/mmm) containing four 

titanium (cations) and eight oxygen 

(anions) atoms [22]. The titanium atoms 

are located at the Wyckoff positions 

8(c) while the oxygen atoms occupied 

the 16(f) Wyckoff positions as 

highlighted in table of Wyckoff position 

for space group 141 in Table 1 

respectively, the internal parameter, x of 

0.208 was used[23].  

 
 

Table 1: The Wyckoff positions of the group 141 (I41/amd)[23] 

Atom Multiplicity Wyckoff 

letter 

Site  

symmetry 

Coordinates 

O 16 f .2. 

(x,0,0) (-x+1/2,0,1/2) (1/4,x+3/4,1/4)  

(1/4,-x+1/4,3/4)  (-x,0,0)  (x+1/2,0,1/2) 

(3/4,-x+1/4,3/4)  (3/4,x+3/4,1/4) 

Ti 8 c .2/m. 
(0,0,0)  (1/2,0,1/2)  (1/4,3/4,1/4)  

(1/4,1/4,3/4) 

 

The atomic positions for bulk anatase was generated based on the Wyckoff positions 

8(c) for Ti atoms and 16(f) for Oxygen highlighted in Table 1. The generated atomic 

positions for bulk anatase are: 

Ti 0.000000000 0.000000000 0.000000000 

Ti 0.500000000 0.000000000 0.500000000 

Ti 0.250000000 0.750000000 0.250000000 

Ti 0.250000000 0.250000000 0.750000000 

O  0.208000000 0.000000000 0.000000000 

O  0.292000000 0.000000000 0.500000000 

O  0.250000000 0.958000000 0.250000000 

O  0.250000000 0.042000000 0.750000000 

O -0.208000000 0.000000000 0.000000000 

O  0.458000000 0.000000000 0.500000000 

O  0.750000000 0.042000000 0.750000000 

O  0.750000000 0.958000000 0.250000000 
 

 

The structures of anatase are shown in 

Fig. 1 for primitive unit cell, pure 2x2x1 

supercell and N-doped 2x2x1 supercell 

with label A, B and C respectively. The 

Brillouin zone integration was done 

using the Monkhorst-Pack set of k-

points[24]. Tetrahedron method was 

used for density of states (DOS) 

calculation with Blöchl corrections for 

precision  [25]. The geometry of anatase 

TiO2 bulk parameters was optimised 

using Broyden-Fletcher-Goldfarb-

Shanno (BFGS) scheme [26]at different 

sets of k-points and energy cutoff to 

evaluate their effects on the bulk 

parameters. In order to dope(introduce a 
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moderate impurity to alter electronic 

and optical properties) anatase TiO2 

with Nitrogen (N), we created a 2x2x1 

supercell from the bulk anatase as 

shown in fig 1(B), thereafter; one 

oxygen atom was substituted with a 

Nitrogen atom as shown in fig 1(C). The 

2x2x1 N-doped anatase TiO2 is made up 

of 16 Ti atoms, 31 oxygen atoms and 1 

Nitrogen atom (T16O31N1) which gives 

an impurity level of 3.1% concentration. 

Guoet al[27]stated that anatase TiO2 

doped with metal usually suffers from 

thermal instability and electronic states 

of cationic dopant may serve as carrier 

recombination centers leading to the 

photo-catalytic ability being decreased 

thus we decided to doped anatase with 

Nitrogen which is a non-metal.  

To account for the strongly correlated 

interactions of the Ti d electrons (i.e. d–

d Coulomb interaction in the titanium 

atoms), a moderate on-site Coulomb 

Repulsion U=12.5eV was applied to the 

calculation of electronic structures so as 

to obtain a more accurate electronic 

band gap comparable to experimental 

value of 3.20eV [28]. The choice of U 

was made after a series of calculations 

with different Coulomb interaction 

parameters, U.  

The optical properties calculations for 

pure and doped anatase were performed 

within the Density Functional Theory 

(DFT) as implemented in quantum 

expresso code[29]to investigate their 

ground state properties. The ground 

state properties are then post-processed 

by Linear Response Theory according 

to the Bethe-Salpeter-Equation 

(BSE[30])as implemented in YAMBO 

code[31]. 

 

 

. 
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Fig. 1: (A) The tetragonal unit cell of Anatase Structure. (B) Pure Anatase 221 

Supercell. (C) is 3.1% N-Doped Anatase 221 Supercell(Drawn using xcrysden[32]) 

Results and Discussion 

Electronic Properties 

The 2D-cut of the charge density map 

for Anatase TiO2 and the electron 

density map for Anatase TiO2 along 

(100) plane are shown in figure 2.The 

band structure calculation for anatase 

followed the high symmetry points of 

the Brillouin Zone for Body Centred 

Tetragonal (BCT1) system as shown in 

figure 3(a) from where we adopted the 

high symmetry direction of Z – Г – X – 

P – N – Г shown in figure3(b). The 

calculated band structures for anatase 

TiO2 within the local density 

approximation (LDA) with exchange 

correlation functional PZ (Perdew and 

Zunger) [33]and CP (Cole and Perdew) 

[34] gave indirect band gap of 

approximately 2.20eV (i.e. 2.21eV and 

2.18eV respectively), obtained between 

X and P points for both functional. For 

the exchange correlation functional of 

Becke –Lee – Yang – Parr, BLYP [35, 
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36] and Perdew – Burke – Ernzerhof, 

PBE [37], indirect band gap of 2.36eV 

was obtained between X and P points. 

Results for band gaps (2.21eV, 2.18eV 

and 2.36eV) obtained for both LDA and 

GGA calculations compares favorably 

with available theoretical calculations 

results [38-40]as shown in Table 2. 

However, they are all considered to 

underestimate the band gap with respect 

to the experimental result of 3.2eV[28]. 

This underestimation of band gaps can 

be attributed the choice of exchange 

correlation functional as can be seen 

from the results where different 

functionals gave different electronic 

band gaps which is a general deficiency 

attributed to density functional theory 

(DFT). The accuracy of DFT calculation 

is directly related to the accuracy of the 

functional used.  

Fig. 4 shows the Electronic Band 

Structure of pure Anatase along the high 

symmetry directions of the Brillouin 

zone within framework of the GGA + U 

approach. The calculation was done 

with Exchange-correlation functional of 

Becke-Lee-Yang-Parr, BLYP [35, 36]. 

The band gap of 3.10eV was obtained 

which compares better with 

experimental result of 3.20eV of Burdett 

et al.[28]. 

 

a
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b

 
Fig. 2: (a) 2D Cut of the Charge Density of Anatase. (b) Electron Density Map for Anatase 

 

 
Fig. 3: (a) Brillouin Zone high symmetry points for Body Centred Tetragonal system (b) High 

Symmetry points direction for Anatase Band Structure Calculation (Points generated with 

xcrysden) 

a b 
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Table 2: Comparison ofour calculated band gap and lattice parameters for anatase TiO2 

with available theoretical and experimental results 

BandGapEg(eV) 

Lattice  
Parameter Potential Code / Method Reference 

a (Å) c (Å) 

Theoretical Results 
 

2.18I,2.21I 
 

3.8182 9.6871 LDA-DFT  

Quantum  

Espresso 
This Work 2.36I 

2.39I 

3.10 

3.7121 

3.7751 

3.7751 

9.5802 

9.5116 

9.5116 

GGA-DFT  BLYP 

GGA-DFT  PBE 

GGA-DFT+U(12.5eV)  PBE 

2.15I, 2.43 
3.83I, 4.29 

3.81 9.64 
GGA-DFT  PBE 
GoWo 

Quantum  

Espresso 

GoWo 

[38] 

2.34 3.801 9.778 PBE-GGA CASTEP [41] 

2.679 - - mBJ FPAPW WIEN2K [42] 

2.8I 3.832 9.599 GGA+U VASP [43] 

2.11 

2.295 
3.829 9.702 

GGA-DFT 
GGA+U 

 

CASTEP [44] 

2.13 3.80 9.67 GGA-DFT PBE CASTEP [45] 

2.3 - - LAPW WIEN2K [46] 

2.811 3.7973 9.7851 GGA PW91 CASTEP [47] 

2.12 3.784 9.515 DFT CASTEP [48] 

2.14I 

2.89I 
- - 

GGA-DFT 

GGA-DFT+U (6.6eV) 
CASTEP [49] 

2.0 3.77 9.46 FP-LAPW VASP [50] 

Experimental Results 

   Method  

3.20 3.785 9.502 Pulsed Neutron Diffraction [28] 

3.3 3.784 9.515 Absorption Photodesorption of Oxygen [51] 
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 EF

B

 
 
Fig. 4: (A) is the Band Structure of Pure Anatasefor GGA+U Calculation. (B)is DOS from A.  

 

The Partial density of states (PDOS) for 

all states in anatase TiO2 shows that the 

valence band maximum (VBM) of pure 

anatase TiO2 predominantly consists of 

the O 2p states while the conduction 

band minimum (CBM) is predominantly 

of Ti d states, however, the 

hybridization between the Ti d and O 2p 

levels at the valence band can be 

observed.PDOS reveals the bands of 

electronic band structure with respect to 

their electronic states and contribution 

to the band gap. The lowest part of the 

valence bands are predominantly made 

up of  O – 2(s) states with little mixture 

of the Ti – p and Ti – s states. 

The band structure for the N-doped 

anatase is shown in Fig. 5 with a direct 

band gap of 1.47eV at Г point. There 

was a shift in the Fermi level of the N-

doped anatase band structure towards 

the conduction band, which may be due 

to charge balance between the dopant 

and the host lattice. This shift in the 

Fermi level thereby contribute to the 

reduction in the band gap as also 

reported by [45] for their Ag (Silver) 

doped anatase. PDOS shows that the 

valence bands consist mainly of the O 

2p states within the energy range of -

4.0eV and 0eV while conduction band 

is predominantly Ti 3d states within the 

energy range of 0eV and 6.0eV. The 
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extra band between VBM and CBM can 

be seen to come from the N 2p states as 

a result of the Nitrogen dopant. It can be 

inferred that nitrogen impurity atom 

(dopant) was able to modify the 

electronic structure of anatase.  

 

 

Fig. 5: A is Band Structure of 3.1% N-Doped Anatase (Ti16O31N1). B is the Calculated PDOS 

for A.  
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Optical Properties  

Figure 6 shows the comparison of the 

imaginary part of the frequency 

dependent dielectric spectrum for pure 

and N-doped anatase TiO2. The 

comparison of the real part of the 

dielectric spectrum for pure and N-

doped anatase TiO2 indicate six different 

optical peaks for doped specie at D1 to 

D6 with respective energy values of 

0.5eV, 0.7eV, 1.2eV, 1.8eV, 2.3eV and 

3.5eV. The result obtained by [49]for N-

doped anatase shows two peaks at about 

1.8eV and 4.22eV. For the pure anatase 

with increase of energy response, 5.5eV 

optical transition can be observed, 

which indicate optical response of the 

imaginary part of the dielectric function 

for band gap. After doping with 

nitrogen, N the optical transition from 

band gap decreases to 3.5eV. This shift 

of the optical transition indicates that 

the band gap of the doped anatase was 

reduced as described in our result for 

the band structure and density of states 

(DOS). The highest peak transition was 

observed at 0.7eV in the low energy 

region which can lead to the shift of 

valence band to dopant states.  

The intrinsic anatase shows the optical 

absorption peaks at the ultraviolet (UV) 

region of the electromagnetic spectrum 

while the N-doped anatase has optical 

absorption peaks in the visible light 

region. N-doped anatase shows a wider 

range of optical absorption peaks than 

N-doped rutile which may be due to 

presence of a more distinct band 

between the Valence Band Minimum 

(VBM) and Conduction Band 

Maximum (CBM). This band between 

the VBM and CBM comes from the 

contribution of N 2p states as seen 

earlier in the partial density of states 

(PDOS) for N-doped anatase. These 

widely distributed optical peaks may be 

able to increase the absorption of 

photons in the visible light region of the 

electromagnetic spectrum. 

  
 

 

Fig. 6: Comparison of Imaginary part and real part of the frequency dependent dielectric 

function of Pure Anatase and 3.1% Concentration N-Doped Anatase respectively. 
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Conclusion 
In this work, the electronic and optical 

properties of body centered tetragonal 

TiO2 anatase (pure and doped) have 

been carried out within the density 

functional theory in the local density 

approximation (LDA) and the 

generalized gradient approximation 

(GGA)with the inclusion of Coulomb 

interaction parameter, U.  The energy 

band gap, the density of states, partial 

density of states and frequency 

dependent dielectric functions were 

calculated. Pure anatase have their 

Fermi level located in the gap showing 

insulating properties. Doping with one 

Nitrogen atom resulted in the upward 

shift of Fermi level towards the 

conduction band thereby reducing the 

band gap. From the optical properties of 

N-doped anatase analysis, N-doped 

anatase may be a good base material for 

photovoltaic application because of the 

optical peaks exhibited in the visible 

light region of electromagnetic 

spectrum. 
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