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Electronic Structure and Optical Properties
of Nitrogen Doped SnO2 — Simulation by DFT Method
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In this paper, nanostructured tin oxide doped with Nitrogen was investigated by first principle calculations.
At first, band structure, density of states, and projected density of states were evaluated for pure tin oxide. Then,
the effect of doping with Nitrogen was studied for cases when N replaces O atom, Sn atom, respectively, and in two
interstitials situation. Results were compared with pure reference case. Except of one interstitial case, Nitrogen
doping usually plays the role of a p-type doping, however the decrease of band gap occurs in all cases.
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1. Introduction

Transparent conducting oxides (TCOs) are solid-
state oxides that have the properties of electrical con-
ductivity and optical transparency simultaneously [1].
SnO2 as a oxide semiconductor has applications in many
fields, such as gas sensors, solar cells, catalysis [2], etc.
Pure SnO2 is an intrinsic n-type material because of na-
tive oxygen vacancy defects. Various elements as a p-type
or n-type dopant have been examined by different sim-
ulation methods [3–6]. Recently, there is an increasing
interest in the research of nitrogen doped tin oxide for
its influence on enhancement of photo catalysis or solar
energy conversion effectiveness [7–8]. One should note,
that atoms from group-V have one less valence elec-
tron than O, and one more valence electron than Sn.
In fact, they are expected to show amphoteric behavior
in SnO2. They may act as acceptors when substituting on
the O site, or as donors if incorporated on the Sn site [9].
Nitrogen as a p-type doping is an excellent candidate
because of its high solubility and non-toxicity [8,10–12].
Nitrogen doping is also important due to its effects on ab-
sorption properties of tin oxide by narrowing of band gap
or by inserting new energy states into the gap. The theo-
retical methods such as density functional theory (DFT)
offer a reliable and an economic way for predicting differ-
ent properties of a large variety of semiconductors. Also,
an achievable software SIESTA code is a reasonable and
efficient tool for investigating doping elements in the dif-
ferent structures before beginning experimental proce-
dure [12]. In the mentioned articles it was reported that
achieving p-type in tin oxide is more probable by nitro-
gen doping. Therefore, we decide to investigate the effect
of nitrogen doping on tin oxide by SIESTA code but us-
ing a DFT method for simulating. Our aim was to study
the effect of doping in different positions in the lattice.
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2. Material and method

The following calculations are based on the fully self-
consistent pseudopotential DFT method. Ab initio cal-
culations with the local density approximation (LDA)
are accomplished according to the Ceperley Alder (CA)
parametrization along with double-zeta basis set with po-
larization functions (DZP). Norm conserving pseudo po-
tentials that was carried out in the SIESTA code [13] were
applied. We used a double zeta basis function with polar-
ization orbitals, a confining energy shift of 250 meV, and
a mesh cutoff energy of 700 Ry for the grid integration.
The Brillouin zone was sampled by using a Monkhorst-
Pack scheme with (5 × 5 × 8) k-point sampling. The op-
timized 48 atoms SnO2 supercell was made. To consider
the type of substitutional defect two models were intro-
duced. Namely, (i) a lattice atom Sn is substituted by
a N atom (NSn), and (ii) a lattice atom O is substituted
by a N atom (NO). To consider the type of interstitial
defect of N two other models were made (Nin). The lo-
cation of Nitrogen in model Nin is marked by 1 and 2.
The site 1 is located at the center of the Sn-O bond and
the site 2 corresponds to the center of the two neighbor-
ing O atoms.

3. Results and discussion

The diagram of total energy versus the cutoff energy
has been shown in Fig. 1. For the rutile-phase SnO2,
if the cutoff energy is fixed at 700 eV for k-point of
3×3×4, the convergence in total energy is good. Accord-
ing to Fig. 2, if the k-point set mesh is fixed at 5× 5× 8,
the change in total energy is less than 1 meV when
the cutoff. For this reason further rutile-phase SnO2

calculation has been done for the cutoff energy value
of 700 eV and the k-point set 5 × 5 × 8.

Formation energies Eform for the four different N-doped
models were studied to investigate the stability of differ-
ent N-doped structures. The formation energies can be
defined as follows [14]:
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Eform = E(Sn16O31N) − E(Sn16O32) + E(O) − E(N)

for the substitutional N to O model,
Eform = E(Sn15O32N) − E(Sn16O32) + E(Sn) − E(N)

for substitutional N to Sn model, and
Eform = E(Sn16O32N) − E(Sn16O32) − E(N)

for the interstitial N-doped models. Terms E(Sn16O31N),
E(Sn15O32N), E(Sn16O32N), and E(Sn16O32) indicate
the total energy of the supercell with and without N, re-
spectively. The energy of the one Sn atom in the bulk
is E(Sn). Other energies, i.e., E(N) and E(O) are de-
termined by the energy of an N atom in N2, and of
an O atom in an O2 molecule, respectively, using for-
mulas E(N) = 1

2E(N2), E(O) = 1
2E(O2).

According to our calculation the formation energies of
NSn, NO, Nin−1 and Nin−2 are 4.26 eV, 1.29 eV, −9.31 eV,
and −7.58 eV, respectively. The calculations show that
the doping of N at the O site has the lowest forma-
tion energy (1.29 eV). This behavior can easily be un-
derstood in terms of the atomic sizes of the O and N
atoms. The atomic radii of O and N are 6 and 6.5 Å,
respectively. Due to the radius similarity, N at the O
site will not distort the structure and it is therefore ex-
pected that the O site will be favorable for N doping.
Although N at the interstitial site 1 has the lowest for-
mation energy among the four dopant sites, it is not im-
portant from the magnetism point of view. The total
energies calculated for Nin−1 and Nin−2 are, respectively,
−15662 eV and −15660 eV. Apparently, Nin−1 struc-
ture has the lowest total energy what indicates that it
is the most energetically favored structure among two
interstitial states [15].

Fig. 1. Diagram of Total Energy versus to Cutoff En-
ergy for pure tin oxide.

Fig. 2. Diagram of Total Energy versus the K point
mesh for the cuttof energy 700 eV.

Fig. 3. The band structure of pure tin oxide and nitrogen doped tin oxide. (a) pure SnO2, (b) NSnO2 — N instead of
Sn, (c) NSnO2 — N instead of O, (d) NSnO2 — N-in-1, (e) NSnO2 — N-in-2.
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Fig. 4. Density of states and projected density of states of: (a, b) pure SnO2 , (c, d) NSnO2 — N instead of Sn, (e, f)
NSnO2 — N instead of O, (g, h) NSnO2 — N-in-1, (i, j) NSnO2 — N-in-2.

The band structure of pure SnO2 and doped one in
four different cases of substitutional and interstitial along
the high symmetry directions of the Brillouin zone are
evaluated, shown in Fig. 3. The band gap in pure case is
about 2.1 eV at highly symmetric Γ-point, which is less
than the experimental value of 3.6 eV.

It is obvious that the band gap is generally underes-
timated using DFT [16]. The valence band maximum
and the conduction band minimum place at the same
Γ-point denote that the lowest band gap transition in
the SnO2 rutile is direct. This is also in agreement with
the previous theoretical calculations [12]. The curvature
of the conduction band at the Γ-point, as shown in Fig. 3,
is less flat than that at the top of the valence band, mean-
ing a lower effective mass of the electron than that of
the hole in the SnO2 host.

The density of states and projected density of states
of pure tin oxide and nitrogen doped tin oxide sub-
stituted instead of O and N and two interstitial cases
depicted in Fig. 4 indicate that NSn, NO, and Nin−2

show p-type character, which are in accordance with

the theoretical publications by Sun et al. [17]. The up-
per contribution of the valence band, for undoped SnO2,
mainly conclude the O-2p states with the little portion
of Sn-5p states. The bottom part of the conduction
band derives basically from Sn-5s and Sn-5p states while
O-2p states also have a little existence [12]. Mainly,
the N-2p states start to mix with the valence band edge
of SnO2 in three cases of NO, NSn, and Nin−2 sites lead-
ing in an obvious splitting above Fermi level EF. At
the end it result in an obvious band gap narrowing in
the N-doped supercell. For N doped SnO2, the major ef-
fects in the band structures are to make acceptor states
and transferring the Fermi level towards the valence band
maximum resulting in p-type conducting semiconduc-
tor. In addition, the Fermi level enters into the va-
lence band in all cases of the N-doped SnO2 subsituatin
in NO, NSn, and Nin−2 sites except Nin−1. In the case
of Nin−1, N-2p states begin to mix with the conduction
band edge of SnO2 and the Fermi level towards the con-
duction band minimum introducing donor level into
the band gap. So in the case of Nin−1, it shows n-type
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Fig. 5. (a) Supercell and partial geometry of pure and
doped tin oxide: (b) pure SnO2, (c) NSnO2 —N instead
of Sn, (d) NSnO2 —N instead of O, (e) NSnO2 —Nin−1,
(f) NSnO2 — Nin−2 (Red balls are O, Gray balls are Sn,
Blue balls are N).

conductivity. Any way the all optical band gap notably
decreases in the N-doped SnO2 system. The valence band
enhances without changing of the conduction band, lead-
ing to the band gap reduction and then to the red-shift
of photoluminescence (PL) [18–20].

The optimized 48 atom SnO2 supercell is shown
in Fig. 5. In the case of NO, the optimal bond length
of the N atom and adjacent Sn atom is 2.0819 Å
and 2.0746 Å, respectively. Each of these bond lenghts
relaxes outward in comparison with the Sn-O bond length
of 2.0828 Å and 2.0096 Å. This effect is caused by the N
atomic radius which is slightly larger than that of O [17].
In the structure of NSn, the optimal N-O bond length
is 1.3717 Å and 1.3543 Å, however its values relaxes in-
ward of the Sn-O bond length 2.0096 Å and 2.0828 Å.
It is due to N atomic radius which is so smaller than Sn
atomic radius. The cases of N interstitial 1 and 2 cor-
respond to the center of the two neighboring O atoms
but in different locations. Differences in bond length was
shown in the picture.

4. Conclusions

In this paper we have studied the effect of Nitrogen
doping on tin oxide by fully self-consistent pseudopoten-
tial DFT method, when N was put in positions of Sn, O,
and in two interstitial cases. In comparison with undoped

tin oxide, the band gap of doped tin oxide were reduced.
The diagram of DOS and PDOS showed that substitution
with N instead of Sn and O and N-in 2, lead to p-type
conductivity, while the interstitial case of N-in 1 showed
n-type conductivity.
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