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Abstract: We perform first-principles calculations to study the electronic structures and 
optical properties of rutile SnNxO2-x as a possible photocatalytic material. It is found that N 
incorporation lead to the enhancement of p states in the energy gap and the decrease of band 
gap. The optical transition between N p and O p enhances and shifts to high energy range with 
increasing N concentrations. The calculations for the optical properties also predict a possible 
optimum N-doping level in SnO2 with a high visible photoresponse and as a photocatalytic 
material.  

1. Introduction 
Tin dioxide (SnO2) is an effective photocatalyst for the remediation of organic pollutants and 
promising for the possible application to the solar energy conversion [1-5]. Unfortunately, due 
to its larger wide band gap of 3.6eV, it can absorb only ultraviolet light, which limits its some 
possible applications in photocatalyst. Therefore, for the sake of utilizing the wider range of 
solar light, it is necessary to enhance the optical absorption in the visible range.  

It has been demonstrated that this problem can be solved by the appropriate ion dopants. 
Experimently, Sb and F–doped SnO2 thin films has been widely used in transparent electrodes 
in solar cells, flat plane displays, and gas sensors. However, Nb doping may induce the some 
O vacancies, and its thermal stability has also been challenged [6]. Therefore, it is essential to 
attempt the other doping ions for overcoming their disadvantages. Furthermore, the p- type 
SnO2 has been obtained by doping Al, In, or Li [7-9]. Recently, nitrogen has also been 
proposed to be a good p-type dopant source in experiments [10-13]. In the present work, 
based on first-principles calculations, the electronic structures and optical properties of 
N-doped 72-atom systems are investigated, and we predict that N substitution for O is 
responsible for the red-shift phenomenon, as well as the optimal substitutional concentrations.  

2. Computational Details 

The simulations are performed using the full-potential linearized augmented plane-wave 
method embedded in WIEN2K code [14] within the framework of the generalized gradient 
approximation (GGA). The muffin-tin radii are chosen as 2.0a.u. and 1.8a.u. for Sn and O (N), 
respectively. An energy cutoff of -7.0Ry is employed for the LAPW basis to describe the 
wave functions in the interstitial region, and potential and charge densities inside the atomic 
spheres are expanded in lattice harmonics up to L=10. We simulated N-doped rutile SnO2 with 
a 72-atoms supercell, shown in Fig. 1a, where various substitutional nitrogen-doping levels 
are modeled by replacing one, two, three, and four oxygen atoms. This corresponds to 
stoichiometry of SnNxO2-x with x=0.0208, 0.0417, 0.0625, and 0.0833, which is comparable 
to that used in the experiment [10-13]. Geometry optimization was done with the Brillouin 
zone sampling limited to the Monkhorst-Pack [15] grid with 4×4×4 k points. The convergence 
threshold for the self-consistent energy error was set to 10-6 Ry, and atomic relaxations were 
carried out until all components of the residual forces were less than 10-3 Ry/bohr.  

The optimized 72-atom SnO2 supercell with one nitrogen dopant is shown in Fig. 1b. The N 
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atom is coplanar bond to three Sn ions with two long and one short distance, i.e., r1=2.094Å 
and r2=2.082Å, respectively, which slightly relaxes outward about 0.034 Å and 0.018 Å in 
comparison with the Sn-O bond length of the pure SnO2 lattice, respectively. This structural 
deformation leads to the charge density redistributions in N-doped SnO2. Therefore, the 
unpaired electrons are located around N perpendicular to NSn3 plane, and it occupied a hybrid 
N 2pπ-Sn 5p orbital, as shown in Fig. 1c. 

 

 
Fig. 1 The partial geometry of the SnO2 systems and spin density distribution. The big green 
spheres represent Sn atoms, the small red spheres represent O atoms, and the gray represents 

the N atom 

3. Results and Discussion 

3.1 Electronic Structures 
To understand the effect of nitrogen on electronic properties, the band structure of pure SnO2 
along the high symmetry directions of the Brillouin zone are calculated, shown in Fig. 2a. The 
band gap is about 2.1eV at highly symmetric Г point, which is less than the experimental 
value of 3.6eV. The underestimated band gap can be due to the choice of GGA. In the 
uppermost valence band, O 2p states are predominantly found between -8 and 0 eV, while O 
2s states appear in the range from -18 to -15.5 eV (not shown). The lowest conduction band is 
dominated by Sn 5s states. The calculated electronic structures described in this work are 
consistent with the XPS spectrum data [16]. In Fig. 2b, one down-spin band gap state is 
occupied around 0.8eV when N atoms doped the SnO2. The band structure is mainly provided 
by N 2p states. The N-doping SnO2 becomes magnetic semiconductor because the valence 
band and conduction band possess spin polarization. 
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(a)                                   (b) 

Fig. 2 (a) The calculated band structure for pure supercell SnO2 (b) The band structure for 
N-doping SnO2 

Fig. 3 presents the calculated density of states (DOS) of SnNxO2-x as a function of N-doping 
levels. Compared with the pure SnO2 in Fig. 2a, the band gap is obviously reduced, which is 
due mainly to the changes in the cell parameters. The N-doping introduces some occupied 
valence states below EF, hybridized with O 2p states, while only one down-spin band gap 
state is unoccupied. Therefore there is a local magnetic moment of 1.0μB per nitrogen as 
shown in Fig. 1c. The spin-polarized electronic structure characteristic is in agreement with 
experiments for N-doped SnO2 [12-13], in which the positions of gap states are depicted 
accurately. For the system doped with one N atom, it can be seen from Fig. 3b that N 2p 
localized states are formed in the energy gap close to conduction band, and the N localized 
states lead to a reduction of the energy gap of about 0.35 eV, which should be responsible for 
the red shift observed in the experiments [12]. With increasing nitrogen concentration shown 
in Fig. 4c-e, the density of N 2p states increases, and therefore there are more occupied N 2p 
states in the energy gap. Most importantly, for x=0.0625, the N 2p states begin to mix with the 
valence band edge of SnO2 and thus lead to an obvious band gap narrowing in the N-doped 
supercell. However, these N 2p localized states above the valence band shift little when the 
number of substitutional N atoms increases, which explains why they has little contribution to 
the further energy gap narrowing with an increase of the nitrogen concentration in N-doped 
SnO2. The band gaps of SnNxO2-x are 2.1, 1.8, 1.6, and 1.6eV, which correspond to x=0.0208, 
0.0417, 0.0625 and 0.0833, respectively. All these variations arouse our great interesting to 
the optical properties of SnNxO2-x. 
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Fig. 3 The calculated density of states for the (a) pure 72-atom supercell, (b) doped 72-atom 
supercell with one N atom, (c) doped 72-atom supercell with two N atoms, (d) doped 72-atom 

supercell with three N atoms, and (e) doped 72-atom supercell with four N atoms, 
respectively. 

3.2 Optical Properties 
The optical absorption spectra under 1.5eV scissors operation with different levels of nitrogen 
doping were calculated, and the results are shown in Fig. 4. It is clearly observed that nitrogen 
incorporation induces the increasing optical absorption in visible range. The absorption peak 
has shifted to short wavelength range, which is in good agreement with of E1 in Fig. 4. It 
indicates that the contribution of the visible absorption is originated from E1 while not band 
gap narrowing. Optical absorption band edges shift slightly to the short wavelength range in 
the configuration of x=0.0625 and have no obvious shift in the other configurations. It is 
worth noting that the optical absorbance curves for the 6.25 atom % nitrogen-doped SnO2 
shows the highest photoresponse for visible light in the doped samples, which indicate that 
there is an optimum N-doping level with higher photoresponse for visible light at low dopant 
concentrations.  
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Fig. 4 Absorption spectra of SnO2 with different N-doping concentrations. (a) pure 72-atom 
supercell, (b) doped 72-atom supercell with one N atom, (c) doped 72-atom supercell with 

two N atoms, (d) doped 72-atom supercell with three N atoms, and (e) doped 72-atom 
supercell with four N atoms, respectively. Inset is the outline of the optical transition in 

SnNxO2-x. 

Conclusion 

In summary, we carried out a first-principles study to investigate the electronic and optical 
properties of SnNxO2-x. N incorporation leads to the enhancement of p states in the energy gap 
and the decrease of band gap. However, the band gap narrowing has no contribution to the 
enhancement of optical absorption in the visible range. The results indicate a possible 
optimum N-doping level in SnO2 with a high visible photoresponse and as a photocatalytic 
material.  
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