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Systematic investigation of atomic structure of N-ion implanted TiO2 (thin films and bulk 

ceramics) was performed by XPS measurements (core levels and valence bands) and first-

principles density functional theory (DFT) calculations. In bulk samples experiment and theory 

demonstrate anion N→O substitution. For the thin films case experiments evidence valuable 

contributions from N2 and NO molecule-like structures and theoretical modeling reveals a 

possibility of formation of these species as result of the appearance of interstitial nitrogen defects 

on the various surfaces of TiO2. Energetics of formation of oxygen vacancies and its key role for 

band gap reduction is also discussed. 

 

1. Introduction 

One of the most potential applications of TiO2 is its catalytic capability of splitting water 

into oxygen and hydrogen [1]. However, pure TiO2 can be activated only by ultraviolet light 

because of its large band gap (3.0 and 3.2 eV for rutile and anatase, respectively). The nitrogen 

doping induces the band gap narrowing, and shifts the photocatalytic response of TiO2 towards 

the visible region of solar spectrum [2]. However, the doped nitrogen atoms can not only 

substitute a lattice oxide anion but also occupy interstitial positions forming molecular N2 and 

NO species [3-5]. The similar structural defects were found in nitrogen doped oxides SiO2 [6] 

and ZnO [7]. According to recent work [8] the introducing of large portion of chemisorbed N2-
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molecules instead of atomic N-states could lead to the destruction of the crystal structure of 

initial TiO2. Another problem for controllable synthesis of N-doped TiO2 is connected with 

oxygen vacancies which are formed under N doping of TiO2 due to replacing the oxygen by 

nitrogen atoms [9-11]. DFT calculations evidence that electronic structure of TiO2:N strongly 

depends from concentration of oxygen vacancies [12]. In addition, the DFT calculations show 

that a significant band gap narrowing may only occur under heavy nitrogen doping [13,14]. 

Thus, to reduce the energy gap of the titanium dioxide which is necessary for efficient 

photocatalysis the following conditions should be realized: (i) anionic N→O substitution and 

minimizing the formation of N2 and NO structural defects, (ii) the optimal concentration of 

oxygen vacancies and (iii) the high doping level.  

In connection with this in the present paper we have studied the formation of structural 

defects and electronic structure in nitrogen ion implanted TiO2 (both in thin film and bulk 

ceramic) under different fluencies with help of X-ray photoelectron spectroscopy (core levels 

and valence bands). The obtained results are compared with DFT calculations of formation 

energies and band gap values for different configurations of structural defects and concentration 

of oxygen vacancies. 

 

2. Experimental and Calculated Details 

TiO2 bulk ceramic samples were prepared by hot pulsed pressing of appropriate ceramic 

powders obtained by electrical explosion of wires in the oxygen-containing media. After 

processing the plates were annealed within 1 hr at 1040 °C. The samples were on average 13 mm 

in diameter and 1–2 mm in height; their density was 4.25 g cm−3. We had verified phase 

composition by X-ray diffraction (XRD) technique, and the final TiO2 host was found to be 

nearly all single-phase rutile (99.85%). The parameters of tetragonal lattice were determined as  

a = 4.592 Å and c = 2.960 Å. Finally, the average crystallite size was found to be >200 nm.  
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TiO2 coatings were made with the help of a sol–gel chemical technique in which titanium 

isopropoxide (97%), nitric acid (60%), and anhydrous ethanol had been used as the precursor, 

catalyst, and solvent, respectively. The purified and deionized water was used to hydrolyze the 

precursor mentioned, and all chemicals were used as received without any further purification. 

So the TiO2 films were deposited on Si-wafers (100) by means of a dip coating process, and 1-

butanol was added to the coating sols in order to control their wettability and the viscosity. The 

substrates were ultrasonically cleaned within 30 min in acetone and ethanol in sequence. After 

that they were then washed with deionized water. The withdrawal rate of the substrate was 

nearly 4 mm s−1. Finally, the as-prepared films were dried at room temperature and kept in an 

oven at 60 °C for 1 d to remove the remaining solvents completely; they were then annealed at 

100 °C for 2 h. The anatase films were characterized by field emission scanning electron 

microscopy and atomic force microscopy to confirm that high-quality films were produced. 

Refer to Ref. 9 for full details on TiO2 film synthesis and characterization. 

X-ray photoelectron spectroscopy (XPS) measurements were performed using a PHI XPS 

Versaprobe 500 spectrometer (ULVAC-Physical Electronics, USA) with a quartz 

monochromator and analyzer guaranteed working in the range of binding energies from 0 to 

1500 eV with an energy resolution of ΔE ≤ 0.5 eV for Al Kα radiation (1486.6 eV) and a vacuum 

of 10−7 Pa. The Al Kα X-ray spot size was 100 μm in diameter with an X-ray power load 

delivered to the sample not more than 25 W (the mode have been calibrated by manufacturer, 

ULVAC-Physical Electronics, USA). Thus the typical XPS signal-to-noise ratios were not worth 

than 11000 : 4. The residual XPS background (BG) was removed using the Tougard approach 

with Doniach-Sunjic line-shape asymmetric admixture (well described elsewhere). After that, the 

XPS spectra were calibrated using reference energy of 285.0 eV for the carbon 1s core-level.  

We performed the DFT-calculations by employing  the SIESTA pseudopotential code, well 

described in Ref. 15, because this technique has been successfully applied in the previous studies 

of doped semiconductors [16]. We used the Perdew–Burke–Ernzerhof variant of the generalized 
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gradient approximation (GGA-PBE) [17] for the exchange-correlation potential with a full 

optimization of the atomic positions. During our calculations, the electronic ground state was 

consistently found using norm-conserving pseudopotentials for the cores and a double-ξ plus 

polarization basis for localized orbitals for Ti, N and O. The appropriate parameters (forces and 

total energies) were optimized with an accuracy of 0.04 eV Å−1 and 1.0 meV, respectively. For 

atomic structure calculations, we employed pseudopotentials for O, N and Ti. The formation 

energies (Eform) were determined by considering the supercell both "with" and "without" a given 

defect. For realistic calculations we had employed the Ti32O64 with a rutile structure for 

simulating the "bulk" phase and "slabs" of few TiO2 layers. The same number of atoms in 

anatase phase for the modeling of (100), (010) and (001) surfaces was taken (see Fig. 1). Based 

on our previous findings [16], the various combinations of structural defects (single 

substitutional (S) and interstitial impurities (I) as well as and their combinations) were 

calculated, taking into account the presence of the oxygen vacancies (vO). 

The CPA-calculations [18] were performed for stoichiometric TiO2 and nitrogen doped 

TiO2-y-δNy (y(δ)-0.03; 0.06) with rutile structure with help of an in-house code developed in Ref. 

18. We used the values of the radii defined by default for the muffin-tin (MT) spheres RTi=2.42 

au and RO=1.85 au and also two types empty spheres (ES) RES=1.89 and 1.71 au. In the 

calculation the Ti (4s, 4p, 3d)-states, O (2s, 2p, 3d) and ES (1s, 2p, 3d)-states were included as 

the basis functions. We have calculated band structure for undoped TiO2 and two N-doped 

compounds: TiO1.88N0.06vO0.06 and TiO1.91N0.06vO0.03 with different ratio of nitrogen content and 

oxygen vacancies denoted in chemical formulas as vO.   
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Figure 1. (a) Views alone different axes of supercells for bulk rutile TiO2; (b) The (001) surface 

of anatase TiO2 with a single nitrogen impurity. 

 

3. Results and Discussion 

In Figure 2 the XPS survey spectra of N-ion implanted TiO2 are presented. As seen, 

besides oxygen and titanium lines the N 1s-signal is revealed which evidences about 

incorporation N-atoms to bulk and thin film of ion-implanted TiO2 and no visible contributions 

from other impurities were found. The surface composition determined from these spectra is 

shown in the Table 1. 
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Figure 2. XPS survey spectra of nitrogen ion implanted bulk and thin film of TiO2. 
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Table 1. Surface composition of nitrogen implanted TiO2 thin film and ceramics (at.%). 

 

Sample Ti O N C 

TiO2:N (film), D=1·1017 cm-2 13.6 55.3 1.6 29.5 

TiO2:N (bulk), D=1·1018 cm-2 20.4 40.8 5.4 33.3 

 

 

XPS N 1s core level spectrum of ion implanted TiO2 thin film (Fig. 3a) has a rather 

complicated structure with well pronounced three peaks located at 396.3, 399.8 and 403.0 eV. 

The peak centered at 396.3 eV is close to that of TiN [18] and therefore can be attributed to 

substituted nitrogen atoms which form N-Ti bonds in ion implanted TiO2. According to Refs. 4 

and 13, the ∼400 eV peak could be result of bonding of interstitial N-atoms to O sites. Nambu et 

al. [5] identified ∼403 eV peak to molecular nitrogen N2 by means of near edge X-ray absorption 

spectroscopy (NEXAFS). One can see from Fig. 3a a strong reduction of intensity of the N2 and 

NO related peaks for ceramic sample with respect to those of thin film. 

Figure 3b shows XPS Ti 2p core level spectra for undoped and N-ion implanted TiO2. The 

energy position of the main 2p3/2 and 2p1/2 peaks are identical to those of undoped TiO2 with 

Ti4+-states. For ion implanted samples one can see the appearance of high-energy shoulder at 

456.7 eV which can be attributed to Ti3+-states [14]. 
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Figure 3. XPS N 1s (upper panel) and Ti 2p (lower panel) spectra of undoped and nitrogen ion 

implanted TiO2. 

 

XPS valence band spectrum of nitrogen ion implanted TiO2 thin film is found to be very 

similar to that of undoped TiO2 (Fig. 4). On the other hand, XPS VB of ion-implanted ceramic 

sample prepared at higher fluence shows the presence of additional features: the subbands 

located at ∼16 and 0.5 eV. The energy position of these features is close to those of TiNx [19] 

and can be attributed to N 2s and Ti 3d-subbands.  
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Figure 4. X-ray photoelectron spectra of valence bands (XPS VB) for N-ion implanted TiO2. 
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Figure 5. The calculated total densities of states (DOS) for undoped and nitrogen doped bulk 

TiO2 (dashed line corresponds to the Fermi level). 

 

The main experimental features of XPS VB of pure TiO2 are well reproduced by CPA 

calculation (Fig. 5a). The appearance of additional N 2s-states in between of O 2s-states and 
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bottom of the valence band and hybridized N 2p-Ti 3d-O 2p states at the top of the valence band 

in  calculated total DOS of N-doped TiO2 are found for both  TiO1.88N0.06vO0.06 and 

TiO1.91N0.06vO0.03 compositions. However for TiO1.88N0.06vO0.06 with equal ratio of nitrogen and 

oxygen vacancies the Fermi level crosses the impurity N 2p-Ti 3d subband (Fig. 5c) which 

corresponds to metallic bonding.  On the other hand, for TiO1.91N0.06vO0.03 composition with 

ratio of nitrogen atoms and oxygen vacancies 2:1 (Fig. 5b) the Fermi level is located within gap 

between hybridized N 2p-Ti 3d-O 2p states and N 2p-Ti 3d impurity states reducing the band 

gap value of pristine TiO2 (Fig. 5a). Therefore the ratio of nitrogen atoms and oxygen vacancies 

is found to be critical for band gap reduction of bulk TiO2;N. 

 However, in CPA calculations we could simulate only substitutional effect in TiO2:N 

when doped nitrogen atom substitute oxygen atoms (N→O) with formation of oxygen vacancies 

which according to XPS N 1s spectra (Fig. 3) takes place under doping of bulk TiO2. On the 

other hand, XPS N 1s spectra of TiO2:N thin films definitely show the presence of additional 

features which can be attributed to embedding of N-atoms to interstitials and formation of N2 and 

NO species. In connection with this we have calculated the formation energies of different 

nitrogen defects both for bulk and surface of TiO2 and then basing on the obtained results have 

performed DFT calculations taking into account the real configurations of structural defects. 

   

Table 2. Formation energies (eV/defect) for various combinations of defects in bulk and surface 

of TiO2. Substitutions are denoted as S(substituted atom), interstitial as I, and oxygen vacancies 

as vO. The most probable configurations of defects for each type of hosts are marked by bold.  

 

Defect Bulk rutile Anatase surface (100) Anatase surface (001) 
S(O) 

S(O)+vO 
4.43 
3.35 

4.90 
3.20 

4.50  
3.36  

S(Ti) 6.44 6.63 5.26 
S(O)+I 

S(O)+I+vO 
3.91 
3.44 

2.01  
2.58  

1.17  
1.78  
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The first step of our DFT modeling was a search of most probable configurations of 

structural defects in bulk rutile. The results of calculations (Table 2) demonstrate that the 

presence of oxygen vacancies always provide the decreasing of formation energies whereas the 

«pure» substitution of titanium atom by nitrogen S(O) is energetically unfavorable. For 

placement of nitrogen atoms in the interstitial void the combination of removed oxygen atom and 

interstitial nitrogen atom S(O)+I+vO is more favorable than S(O)+I. Thus we can summarize 

that for the case of bulk rutile the implantation of nitrogen will provide the various combinations 

of N→O substitutions with oxygen vacancies.  

 

 

Figure 6. Total densities of states (DOS) of TiO2 surfaces pure and with implanted pair of 

substitutional and interstitial nitrogen atoms (see insets) with and without oxygen vacancy in 

vicinity. 

 

The next step of our modeling is the check the effect of implantation of nitrogen on the surface 

of anatase phase by calculations of the energetics of the same configurations of defects on the 

surface and subsurface layers. The energetics of defects on (100) and (010) surfaces is almost the 

same and further we will discuss only (100) and (001) surfaces. Similar to the case of transitional 

metals impurities in TiO2 bulk and thin film [15] the formation energies for nitrogen implanted 
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to (100) and (001) anatase surface  are found to be lower than in the case of bulk rutile (Table 2). 

The single interstitial nitrogen impurities form bonds not only with titanium but also with 

oxygen atoms with bond length close to that of NO molecule and pair of substitutional and 

interstitial nitrogen impurities – the N2-like pair (see inset on Fig.6). These results can explain an 

appearance of the corresponding peaks in XPS N 1s spectra in TiO2:N thin films (Fig. 3). Unlike  

to the case of bulk (Fig. 5) the structural defects on the surface provide the reasonable decreasing 

of band gap only for S(O)+I configuration (see Table 3 and Fig. 6). The additional formation of 

oxygen vacancies S(O)+I+vO does not provide the further decreasing of formation energies (see 

Table 2) and proves the band gap narrowing (Fig. 6) from 1.22 eV to 0.67 eV for (100) surface 

and from 1.15 eV to 0.65 eV for (001) surface. Usually the DFT calculations underestimate the 

band gap values [19] but we can determine the relative values of band gap reduction which is 

found to be ∼1.15-1.22 eV for S(O)+I configuration (close to experimental value of 0.8-0.9 eV 

[20]) and ∼0.65-0.67 eV for S(O)+I+vO configuration which certainly overestimates the band 

gap narrowing. Therefore in the case of surface the propagated defects will be formed without 

oxygen vacancies that are in a qualitative agreement with smaller decrease of band gap values. 

 

Table 3. The calculated band gap values (in eV) for (100) and (001) surfaces of anatase. 

 

Configuration (100) (001) 
VB CB ΔE VB CB ΔE 

Pure -6.11 -3.98 2.13 -5.44 -3.52 1.92 
S(O)+I -5.26 -4.04 1.22 -4.72 -3.57 1.15 

S(O)+I+vO -5.06 -4.39 0.67 -4.27 -3.62 0.65 
 
 

 

4. Conclusions 

Based on combination of experimental measurements and theoretical calculations we 

demonstrate that implantation of nitrogen in bulk TiO2 provides mainly N→O substitution. The 

calculations show that combination of nitrogen defects with oxygen vacancies provides the small 
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formation energies and induces the decreasing of band gap. In contrast to bulk TiO2:N the N-ion 

implantation of thin film causes in addition to N→O substitution the embedding of nitrogen 

impurities in interstitials which provides the formation of molecule-like NO and N2 species 

detected in XPS N 1s spectra. In contrast to the case of bulk the formation of oxygen vacancies 

in the vicinity of embedded nitrogen atoms in thin film is less energetically favorable and 

overestimates the band gap narrowing. Thus implantation of nitrogen in bulk TiO2 provides 

mainly N→O substitution, minimizes the embedding of impurity N-atoms in interstitials and 

gives an optimal decrease of band gap which makes this material attractive for photocatalysis 

and solar cells. On the other hand the interstitial nitrogen impurities and N2-pairs on the surface 

of TiO2 films could form active centers which are important for catalysis. 
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