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ABSTRACT 

This article is a theoritical approach to calculate the electronic structure of undoped- and 

non-metal anions doped-TiO2-anatase. The objective of the research is to calculate ab-

initio the band structure and the density of states (DOS) of undoped-, C-, N-, and S-doped 

TiO2-anatase. Kohn-Sham equations are performed with the density functional theory 

(DFT) using the local density approximation (LDA) for exchange-correlation functional. 

The first-principle calculations were done using supercell (2x2x1) methods as implemented 

within Amsterdam Density Functional (ADF)-BAND version 2014.10. The ab-initio 

calculation of the band structures show that all samples are direct- and indirect-gap type 

semiconductor. The band gap of TiO2-anatase with DFT using LDA is 2.43 eV. The 

addition of C atom at 0.943% in 48 atoms produces width intermediate band about 0.76 

eV, which is 0.38 eV above the valence band (VB) and 1.38 eV below the conduction band 

(CB). The addition of N atom at 1.103% and S atom at 2.478% in the lattice structure of 

TiO2-anatase resulted in the addition of the VB width to 0.47 eV and 0.11 eV, while the 

resulting gap between the VB and the CB to 1.97 eV and 2.33 eV, respectively. 

Keywords: anatase, band gap, density-functional theory, electronic structure, first-

principle calculation  

 

ABSTRAK 

Artikel ini merupakan kajian teoritik struktur pita dan density of states (DOS) dalam TiO2-

anatas dan TiO2-anatas terdadah anion non-logam. Tujuan penelitian yaitu menghitung 

secara ab-initio energi celah pita dan DOS dalam TiO2-anatas dan TiO2-anatas terdadah: -

karbon (C-TiO2), -nitrogen (N-TiO2), dan -belerang (S-TiO2). Persamaan Kohn-Sham 

digunakan untuk perhitungan prinsip awal secara ab-initio berdasarkan pendekatan 

density-functional theory (DFT) dan local density approximation (LDA) sebagai fungsi 

perubahan korelasi. Program Amsterdam Density Functional (ADF)-BAND versi 2014.10 

digunakan untuk perhitungan awal dengan metode supersel (2x2x1). Hasil perghitungan 

menunjukkan TiO2-anatas, C-TiO2, N-TiO2, dan S-TiO2 merupakan tipe semikonduktor 

celah langsung (direct-gap) dan celah tidak langsung (indirect-gap). TiO2-anatas memiliki 

energi celah pita minimum = 2,43 eV. Penambahan 0,943% C dalam 48 atom 

mengakibatkan lebar pita antara = 0,76 eV, terletak 0,38 eV di atas pita valensi dan 1,38 

eV di bawah pita konduksi. Penambahan masing-masing 1,103% N dan 2,478% S dalam 
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TiO2-anatas mengakibatkan pelebaran pita valensi  berturut-turut sebesar 0,47 eV dan 0,11 

eV, sedangkan  jarak pita valensi dengan pita konduksi sebesar 1,97 eV dan  2,33 eV. 

Kata kunci: anatase, celah pita, density functional theory, perhitungan prinsip awal, 

struktur elektronik,  

INTRODUCTION 

Titanium dioxide or titania (TiO2) 

has been extensively studied in the past 

few years for being extremely useful in 

many applications. TiO2 as a n-type 

semiconductor with a wide energy band 

gap, is well-known for potential 

applications due to their high 

photosensitivity, non-toxicity and low 

cost. TiO2 has eleven polymorphs, but in 

nature, there are three kinds of crystal 

structure: anatase, rutile and brookite 

(Carp, Huisman, & Reller, 2004). Rutile is 

a stable phase, while anatase and brookite 

are metastable and will be transformed 

into a thermodynamically most stable 

rutile phase at higher temperature after 

thermal treatment. Anatase and rutile are 

both produced on an industrial scale. 

Anatase phase is a TiO2 polymorph which 

is less stable than rutile phase, but more 

efficient than rutile for several 

applications, including photocatalysis 

(Muctuma, Shao, Kim, & Kim, 2015; 

Zhang et al., 2016), antibacterial activity 

(Galkina et al., 2014; Joost et al., 2015), 

dye sensitized solar cells (Chen, Hsu, 

Chan, Zhang, & Huang, 2014; Yang, 

Bark, Kim, & Choi, 2014) and sensor 

(Goyal, Kaur, & Pandey, 2010; Pustelny 

et al., 2012).  

In all these applications, the surface 

properties of TiO2 are of major 

importance in particular of the band gap 

energy. However, such potential 

applications are seriously limited by the 

intrinsic wide energy gaps of TiO2, which 

confine the advantages of the TiO2 phases 

to be viable only under UV radiation. If a 

wide-band gap semiconductor like 

titanium dioxide (TiO2) is irradiated with 

light, excited electron–hole pairs result. 

When a photon of energy higher or equal 

to the band gap value of the 

semiconductor is absorbed by a particle, 

an electron from the valence band (VB) is 

promoted to the conduction band (CB) 

with simultaneous generation of a 

photogenerated hole (hvb
+) in the VB and 

photogenerated electron (ecb
-) in the CB. 

The rutile phase, which is the most stable 

form of TiO2, exhibits a direct band gap of 

3.0 eV, while the band gap of the 

metastable anatase phase is indirect band 

structure of 3.2 eV and the band gap of the 

metastable brookite is 3,4 eV (Persson & 

Ferreira da Silva, 2005; Tian-Hua, Chen-

Lu, Yong, & Gao-Rong, 2006).  

Many attempts have been reduced 

the band gaps energy to improve the 

photoactivity performance of TiO2 under 

visible-light irradiation. A number of 

methods have been studied to decrease the 

band gap energy of TiO2. The most 

promising method to reduce the effective 

band gap of TiO2 is through the doping of 

impurities into the TiO2 lattice through 

substitual or interstitial to modify its 

electronic structure. Especially in recent 

years, a number of attempts have been 

made to improve the visible-light 

absorption of TiO2 both with transition 

metal: V, Mn, Fe, Cu, Ce, Cr, Ag, etc. 

(Al-Hartomy, 2014; Chang & Liu, 2014; 

Liu  et al., 2009; Tian, Li & Zhang, 2012; 

Wang, Zang, Li, Li, & Lin, 2014;  Zhang, 

Liu, Han,  & Piao,  2013) and non-metal: 

B, C, N, S, F, etc. (Asahi, Morikawa, 

Ohwaki, Aoki, & Taga, 2001; Dong, 

Zhao, & Wu, 2008; Zhao, Wu, Tang & 

Jiang, 2013), to modify the electronic 

structure and improve the photocatalytic 

reaction efficiency which strongly 

influenced by the recombination rate of 

photo-generated electrons and holes.  

Various non-metal as dopants 

substituted into the structure of TiO2 has 

been extensively studied experimentally 

and theoretical calculations performed to 

shift the TiO2 absorption of ultra- violet 

http://www.sciencedirect.com/science/article/pii/S101113441400373X
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region to the visible region. Anion non-

metal as dopants, such as boron (B), 

carbon (C) , nitrogen (N) , and sulfur (S) 

(Asahi et al., 2001; Dong et al., 2008; 

Tian-Hua et al., 2006; Zhao et al., 2013; 

Zhao, Qiu, & Burda, 2008; Yang et al., 

2007), has made it known to have 

photocatalytic performance in visible 

region The objective of the research is to 

calculate the electronic structure 

consisting of the band structure and the 

density of states (DOS) of material such 

as TiO2-anatase, C-, N-, and S-doped 

TiO2-anatase based on density functional 

theory (DFT) approach. The anions of C4- 

, N3- , and S2- as dopants substitute into 

the lattice structure of TiO2-anatase 

through the replacement of anions O2- to 

modify the electronic structure. The 

(2×2×1) supercell model of C-, N-, or S-

doped TiO2-anatase phase contains 48 

atoms, in this way the structure of  

Ti16O31X (X = C, N, or S) are obtained 

and the percentage of dopant atoms 

theoretically are found to be at 0.943% 

atom C, 1.103% atom N and 2.478% atom 

S. Based on the theoretical information of 

the band structure and the density of states 

(DOS), it will be known systematically 

the influence anionic non-metallic atoms 

on the band gap minimum and very 

helpful in the selection of photocatalyst. 

CALCULATION AND 

EXPERIMENTAL METHODS 

Hardware and Software  

The first-principle calculations were 

done by using hardware PC (personal 

computer) with specifications: Processor 

Intel (R) Core (TM) 2 Duo CPU T8100 @ 

2,10 GHz, hard disk 230 GB, RAM 3 GB 

and display card (VGA) 1.5 GB. The 

density function theory (DFT) calculations 

of materials were performed on the 

operating system Windows VistaTM 

Premium Edition Familial. The electronic 

properties of all materials have been 

investigated using Amsterdam Density 

Functional (ADF) package of ADF-

BAND version 2014.10 (Team SCM, 

2014). 

Computational Method and Details  

All calculations presented are based 

on density-functional theory (DFT) 

approach. The Kohn-Sham equation 

calculations are performed with the 

density functional theory (DFT) using the 

local density approximation (LDA) (Kohn 

& Sham, 1965) for the exchange-

correlation functional. The first-principle 

calculations were done using supercell 

(2x2x1) method. The cell of TiO2-anatase, 

C-, N-, and S-doped TiO2-anatase in a 

(2x2x1) supercell model considered in this 

study are shown in Figure 1. The ideal 

anatase TiO2 has a tetragonal structure 

with space group I41/amd, which contains 

four titanium atoms and eight oxygen 

atoms in unit cell. The cell parameters are 

a = b = 3,8048 Å and c = 9,5962 Å 

(Sutrisno, 2012). 

     
(a)                                                                 (b) 

Figure 1. Structure of (2x2x1) supercell model containing 48 atoms of (a). TiO2-anatase 

and (b). C-, N-, or S-doped TiO2-anatase  
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Figure 2. Band structures of (a). TiO2-anatase, (b). C-doped TiO2-anatase, (c). N-doped 

TiO2-anatase, and (d). S-doped TiO2-anatase  

In C-, N-, and S-doped TiO2-

anatase, an O2- ion is replaced by one C4-, 

N3-, or S2- ion, respectively. For C-, N- or 

S-doped TiO2-anatase (Figure 3b-3d), it 

is clear that: some C 2p, N 2p or S 2p 

states is hybridized with O 2p states in the 

valence band, while other C 2p, N 2p or S 

2p states localized on the top valence band 

maximum (VBM) as acceptor level.  

The calculated t-DOS and p- DOS 

of C doped TiO2-anatase containing C 

atom at 0.943% are shown in Figure 3b. 

The t-DOS characters of C-doped TiO2-

anatase show that the valence band is 

mainly composed of  O 2p states and C 

2p, while the conduction band of the 

contribution of Ti 3d states.  

In Figure 3b show the existence of 

four groups: the area around -14 eV to -12 

eV is mainly composed of O 2s states, the 

area around -4 eV is the 2s states of C, the 

area around -1 eV to 3.5 eV (VB) located 

below the Fermi Energy (EF) mainly 

consists of O 2p state , the area around 4 

eV to 5 eV is mainly composed of C 2p 

states, and the area around 5 eV to 11 eV 

(CB) located above the Fermi Energy 

mainly consists of  Ti 3d states. As a 

result of the presence of intermediate band 

created two forms of band gap is 0.38 eV 

and 1.38 eV. 
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The addition of N3- ions at 1.103% 

and S2- ions at 2.478% in the lattice 

structure of TiO2-anatase by substitution 

of O2- ions create the same DOS character 

and is able to widen the valence band. The 

addition of N ions were able to widen the 

valence band of 0.47 eV, while the S ions 

were able to widen the valence band of 

0.11 eV. The character t-DOS of N-doped 

TiO2-anatase show that the valence band 

is mainly composed of O 2p states and N 

2p, while the main contribution in the 

conduction band is derived from the 3d 

states of Ti. 

 

 
 (a)                                                                                   (b) 

 
(c)                                                                                    (d) 

Figure 3. The total- and partial-Density of States (DOS) of (a). TiO2-anatase, (b). C-doped 

TiO2-anatase, (c). N-doped TiO2-anatase, and (d). S-doped TiO2-anatase 



Molekul, Vol. 11. No. 1. Mei, 2016: 33 - 41 

38 

In Figure 3c , it appears there are 

three main groups: the area around -14.5 

eV to -13 eV is the 2s states of O, the area 

around -8.5 eV is the 2s states of  N, the 

area around -2 eV to 3.3 eV (VB) located 

below the Fermi energy (EF) mainly 

consists of the 2p states of O and the 2p 

states of N, and the area around 5 eV to 

10.5 eV (CB) located above the Fermi 

energy mainly consists of the 3d ststes of 

Ti. The N 2p states is hybridized with O 

2p states and localized on the valence 

band maximum. This phenomenon 

matches the results of research from Asahi 

et al. (2001). The addition of the valence 

band of 0.47 eV due to the presence of N3- 

ions increase the width of the valence 

band becomes 5.27 eV and led to the 

formation of intermediate band which is 

located between the valence band and the 

conduction band of 1.97 eV. The energy 

band gap calculation of N-doped TiO2-

anatase has a lower energy than the band 

gap energy of the measurement results 

(2.33 eV) (Zhao et al., 2013). 

The t-DOS characters of S-doped 

TiO2-anatase show that the valence band 

primarily consists of the O 2p states and S 

2p states, while the conduction band 

mainly composed of  Ti 3d states.  

In Figure 3d, it appears there are 

four main groups: the area around -13 eV 

to -12 eV mainly consists of O 2s states, 

the area around -8 eV is the 2s states of S, 

the area around -1 eV to 4.3 eV (VB) 

located below the Fermi >Energy (EF) is 

primarily composed of  O 2p states and S 

2p states, and the area around 6 eV to 12 

eV (CB) located above the Fermi Energy 

mainly consists of Ti 3d states. The 

addition of the valence band width due to 

the presence of S2- ion is 0.11eV, so that 

the width of the valence band to 5.41 eV 

and created a gap between the valence 

band and the conduction band to 2.33 eV. 

Based on the above explanation, it 

can be concluded that the addition of 

dopants atom non-metal: C, N, and S into 

the lattice structure of TiO2-anatase 

through the substitution of O atoms result 

in two types of changes in the band 

structure of TiO2-anatase (Figure 1).  

               
                                    (a)                                                            (b) 

      
                                      (c)                                                     (d) 
 

Figure 4. (a). The band gap of TiO2-anatase, (b). the band structure of C-doped TiO2-

anatase with intermediate band of C localized on the valence band maximum, 

(c) the band structure N-doped  TiO2-anatase with a reduction the band gap due 

to the widening of the valence band, and (d). the structure band of N-doped  

TiO2-anatase  with a reduction the band gap due to the widening of the valence 

band. 
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TiO2-anatase with the level of 

dopants localized on the top valence band 

maximum, and (2). the reduction of the 

band gap due to the widening of the 

valence band. The addition of dopants 

atom C resulted in the formation of the 

intermediate band is localized on the 

valence band maximum, while the 

addition of dopants atoms N and S 

resulted in the reduction of the band gap 

due to the widening of the valence band 

(Figure 4). 

CONCLUSION 

The electronic structures of TiO2-

anatase, C-, N-, and S-doped TiO2-anatase 

have been successfully calculated by first 

principles calculations using density 

funtional theory approach and local 

density approximation (LDA) as 

exchange-correlation functional with 

supercell (2x2x1) method. The calculated 

band structures indicate that TiO2-anatase, 

C-, N-, and S-doped TiO2-anatase are 

direct- and indirect-gap type 

semiconductors. The calculated minimum 

band gap of TiO2-anatase is about 2.43 

eV. The addition of C atom at 0.943% in 

48 atoms produces width intermediate 

band about 0.76 eV, which is 0.38 eV 

above the valence band and 1.38 eV 

below the conduction band. Meanwhile, 

the addition of N atom at 1.103% and S 

atom at 2.478% in the lattice structure of 

TiO2-anatase show the same phenomenon 

which can widen the valence band, thus 

reduce of the gap between the valence 

band and the conduction band. The 

calculated band gap of N-doped TiO2-

anatase resulted in the addition of the 

valence band width to 0.47 eV and the 

resulting gap between the valence band 

and the conduction band to 1.97 eV, while 

the calculation of the S-doped TiO2-

anatase resulted in the addition of the 

valence band width of 0.11 eV and the 

distance between the valence band and the 

conduction band to 2.33 eV. 
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