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Abstract First-principles calculations based on the density functional theory (DFT)
within the generalized gradient approximation (GGA), and the introduction of intra-
atomic interaction term for strongly correlated d-electrons (DFT+U ), have been
utilized to study defective SnO2 crystals. Introduction of some impurities, such as
fluorine, gallium, aluminiumand chromiumaffect the structural, electronic properties
andmagnetic properties of tin dioxide. F-doping produces alterations in the structure,
with Sn atoms moving away from the impurity and O atoms moving closer to it;
and, the system presents n-type electrical conductivity. Ga impurity incorporation
distorts its surrounding, with the atoms moving closer to the impurity whereas the
electrical properties of crystal remain unchanged. Results for Al impurity doping are
almost the same as those for the Ga-doping. Cr presence produces the atoms in the
neighbourhood of the point defect to move towards it, the band gap width has been
slightly reduced and we observe the occurrence of a local magnetic moment.
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1 Introduction

Tin dioxide (SnO2) is a semiconductor oxide that crystallizeswith the rutile structure.
It can be described through a tetragonal crystalline lattice that belongs to the space
group D14

4h (P42/mnm), in which tin atoms are in the centre of an almost regular
oxygen octahedron [1, 2]. The primitive unit cell of this material is composed by two
formula units (6 atoms), and the lattice parameters are a = 4.74 Å and c = 3.188 Å
[1].

The stoichiometric form of SnO2 acts as an insulator, but it usually shows a
no stoichiometric form, which contains a high presence of oxygen deficiencies (tin
interstitials and oxygen vacancies). These defects are responsible of its behaviour as
an n-type semiconductor with a direct band-gap width of 3.6 eV [2]. The formation
energy of these intrinsic point defects is reduced [3], being the reason of their high
presence in this crystal.

Tin dioxide belongs to a certain type of materials that present high electrical
conductivity and also a high optical transparency in the visible range of the elec-
tromagnetic spectra. These oxides are called transparent conducting oxides (TCOs).
In order to understand the importance of these substances it is necessary to remem-
ber that most of electrical conductors, such as metals, are opaque; and most of the
transparent solids are insulators. Hence, systems that present both characteristics are
rare and have importance from both scientific and industrial point of view. SnO2 is
the prototype TCO [4], because of its band-gap, width which offers up to 97 % of
optical transparency in the visible range [3]. SnO2 films are inexpensive, chemically
stable in acidic and basic solutions, thermally stable in oxidizing environments at
high temperature, and alsomechanically strong. Nowadays, it is unclear the reason of
the coexistence of the optical transparency alongside with the electrical conductivity,
but it has been postulated that it is due the presence of oxygen vacancies [5].

The previously mentioned characteristics make TCOs suitable for applications
that require the presence of electrical contacts that allow the pass of visible light
[6, 7], solar energy panels, low-emission glasses, heat mirrors [8–10]. In addition,
tin dioxide has some other interesting applications such as its use in sub-wavelength
waveguides of ultraviolet and visible light [11], gas sensing applications [12], etc.

The nature of the properties of the SnO2 materials depend on different kind of
defects and impurities that are present in the structure of this crystal. These defects
could affect its structural, electronic properties, optical and/or magnetic properties.
That means a strong necessity to understand the nature of the alterations being pro-
duced by the point defects in order to succeed in successful application of the tin
dioxide. A large number of theoretical and experimental studies have been carried out
for the pristine structure [12–16], and some other ones for the structure containing
impurities [17–20]. The present work has the purpose to understand better what is
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happening at the fundamental quantum level in this crystal if some impurities such as
fluorine, gallium, aluminium and chromium are incorporated in the otherwise pure
material.

2 Methodology

Density functional theory (DFT) is an approach that uses the electron density rather
than Schrödinger wave function to describe a many-electron system. This method is
efficient and is easily accessible; therefore, it is the choice of many research groups.
Among the different computational codes that use the DFT method, Vienna ab initio
Simulation Package (VASP) [21–24] is one of the most known and has been utilised
throughout this investigation. The interactions between the core electrons and the
valence electrons is implemented through the projector augmented wave (PAW)
method, as it was proposed by Blöch [25] and later adapted by Kresse and Joubert
[26]. Perdew-Burke-Ernzerhof (PBE) developed [27] GGA functionals are used to
describe the exchange-correlation interactions.

A cut-off kinetic energy of 500 eV is used by converging the total energy to
less than 1 meV/atom. �-centred Monkhorst-Pack (MP) [28] grid with a 0.035 Å−1

separation is applied, which corresponds to a k-point mesh of 6 × 6 × 8 for the
6-atom primitive unit cell of the tin dioxide. The previously mentioned parameters
are obtained through the atomic relaxation until all the forces are <0.008 eV/Å and
the equilibrium state of the system has been achieved.

DFT theory describes inappropriately strong Coulomb repulsion between the d
electrons localised on metal ions. In order to take into account these issues, an
unrestricted Hartree-Fock (UHF) approximation U -term has been included for the
Sn-4d electrons. That results in the so-called DFT+U method [29–32]. Some values
for the Uparameter have been tested, and finally U = 4.0 eV was obtained as a
proper magnitude for our system. The computed band-gap width was found to be
equal to 1.93 eV. The corresponding experimental value is about 3.6 eV2, but largerU
values have negative impact on the equilibrium structural parameters, so we refused
to enlarge the magnitude of this parameter. The computed lattice parameters have
been found to be equal to a = 4.73 Å and c = 3.16 Å, in close agreement with the
available experimental data [1].

Finally, in order to study the effects of fluorine, gallium, aluminium and chromium
impurities in the SnO2 crystals, the 6-atom primitive unit cell was expanded sixteen
times (2 × 2 × 4 extension), which resulted in 96-atom supercell, with the corre-
sponding k-point mesh equal to 3× 3× 2.
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3 Results and Discussion

3.1 F-doped SnO2

One of the O atoms situated in the central part of the supercell was replaced by
an F atom. As a result, atoms in the neighbourhood of the defective region have a
tendency to displace themselves in order to find new equilibrium positions. The Sn
atoms move outwards the impurity doping by approximately 0.13 Å for Sn(1), and
0.16 Å for the Sn(2) and Sn(3), meanwhile the O atoms have a tendency to displace
themselves towards the impurity by 0.04 Å in case of O(5), O(6), O(7) and O(8)
atoms. The value of the displacement is not the same for all O atoms since O(10),
O(11), O(12) and O(13) atoms shifts only by 0.01 Å. Finally, the O(9) atom does
not experience any distortion from its original site. The movements of the atoms are
shown in Table 1 as well as Fig. 1.

In an attempt to explain the reason of thesemotions, Bader charge analysis [33] has
been carried out. In this method, a robust algorithm [34–36] is employed to calculate
the charge on a particular atom within the crystalline lattice. These computations
show that the charge on the incorporated F atom is−0.76 e. The replaced O atom had
a charge of−1.21 e in the pure crystal. This means that the tin atoms move outwards
the impurity due to the reduction in the Coulomb electrostatic attraction because of
the defect incorporation. Similarly, the O atoms reduce their initial distance until the
F atom because of the reduction in the Coulomb repulsion. It is worth to mention that
O(9) atom, which has not changed its initial distance with the defect, is the closest O
atom to impurity, and has chemical bonds with Sn(3) and Sn(4) atoms. Thus, O(9)
atom is trying to preserve its bond length with these tin atoms, and that explains
why the distance between the impurity and the O(9) atom remains unchanged. The
fact, that Coulomb electrostatic interaction is responsible for the atomic distortion

Table 1 Atomic
displacements and charges for
F-doped SnO2 crystal

Atom Q1(e) Q2(e) �R (Å)

F (1) – −0.76 –
Sn (2) 2.41 2.43 0.13
Sn (3) 2.42 2.43 0.16
Sn (4) 2.42 2.43 0.16
O (5) −1.20 −1.21 −0.04
O (6) −1.21 −1.21 −0.04
O (7) −1.21 −1.21 −0.04
O (8) −1.20 −1.21 −0.04
O (9) −1.21 −1.21 –
O (10) −1.21 −1.22 −0.01
O (11) −1.21 −1.22 −0.01
O (12) −1.20 −1.22 −0.01
O (13) −1.21 −1.22 −0.01
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Fig. 1 Atomic displacements in the SnO2 crystalline lattice in the neighbourhood of the F-dopant.
The Sn atoms move towards the impurity while the O atoms move outwards the defect

was also found in F-doped TiO2, [37] which has almost equal structure to the SnO2
crystal.

Density of States (DOS) pattern for F-doped tin dioxide is shown in Fig. 2. It
is possible to observe that the Fermi level has been displaced from the top of the
occupied states, and now it is situated at the bottom of the conduction band (CB),
whichmeans that the introduction of the fluorine impurity, which brings to the system
one extra valence electron, produces a metallic state in the CB and leads to the n-type
electrical conductivity. That is in accordance to a number of available experimental
observations [38–40].

3.2 Ga-doped SnO2

Gallium doping was done by replacing one of the lattice central host Sn atoms
by the impurity. The atoms surrounding the impurity move themselves in order to
find new equilibrium positions, as it is possible to see in Fig. 3. All the atoms in
the neighbourhood of the impurity reduce their initial distance with respect to the
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Fig. 2 Total DOS of the F-doped SnO2 crystal. The dotted line marks the Fermi level (EF )

Fig. 3 Atomic displacements
in the SnO2 crystalline lattice
in the neighbourhood of the
Ga dopant. Both Sn and O
atoms have a tendency to
move towards the impurity
(Atomic shifts in case of
the Al- and Cr-doping are
essentially the same)

Table 2 Atomic displacements and charges for Ga-doped SnO2 crystal

Atom Q1(e) Q2(e) �R (Å)

Ga (1) – 1.77 –
Sn (2) 2.42 2.43 −0.04
Sn (3) 2.42 2.43 −0.04
O (4) −1.21 −1.17 −0.02
O (5) −1.21 −1.17 −0.02
O (6) −1.21 −1.16 −0.02
O (7) −1.21 −1.17 −0.02
O (8) −1.21 −1.17 −0.02
O (9) −1.20 −1.16 −0.02

defect. Sn(2) and Sn(3) atoms move by 0.04 Å, and O atoms are displacing towards
the impurity by 0.02 Å. Distances can be seen in Table 2.

The Bader charge analysis shows that the impurity has a charge of 1.77 e instead
of 2.41 e for the replaced Sn atom. This means that the Coulomb repulsion force to
the nearest tin atoms is smaller than that in pure crystal state, and as a consequence
Sn atoms have a tendency to move closer to the dopant. O atoms move slightly closer
too, most likely due to their intention to keep their bond lengths with their nearest
Sn atoms, as it can be seen in Fig. 3.
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Fig. 4 Total DOS of the Ga-doped SnO2 crystal. The dotted line marks the Fermi level (EF )

Table 3 Atomic
displacements and charges for
Al-doped SnO2 crystal

Atom Q1(e) Q2(e) �R (Å)

Al (1) – 2.48 –
Sn (2) 2.42 2.46 −0.07
Sn (3) 2.42 2.46 −0.07
O (4) −1.21 −1.29 −0.09
O (5) −1.21 −1.29 −0.09
O (6) 1.21 −1.26 −0.07
O (7) −1.21 −1.29 −0.09
O (8) −1.21 −1.29 −0.09
O (9) −1.21 −1.26 −0.07

Figure 4 shows the DOS pattern for the given system. Ga atom has some small
contributions in the upper valence band (VB) and the CB as well. However, there is
no presence of any local energy level within the band-gap region, and no changes for
the band-gap width have been detected. That means the presence of the Ga impurity
in SnO2 has no notable influence upon the electrical conductivity in this material.

3.3 Al-doped SnO2

An Al atom substituted one of the central host tin atoms in the lattice. Once the
procedure of doping has been occurred, the atoms in the neighbourhood of defect
start to displace themselves in order to find new equilibrium positions. The obtained
relevant atomic displacements are shown in Table 3 (the movements are similar to
those in the Ga-doped case, so Fig. 3 can be used to visualize the movements). It is
possible to see that the nearest Sn atoms move towards Impurity doping by 0.07 Å,
and most of the oxygens have a similar tendency, moving 0.09 Å, except for the O(6)
and O(9) atoms, which move by 0.07 Å.
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Fig. 5 Total DOS of the Al-doped SnO2 crystal. The dotted line marks the Fermi level (EF )

Bader charge analysis shows that the charge on the dopant atom is about 2.48 e,
which is slightly larger than the charge of the replaced Sn atom (2.41 e ) in undoped
material. Despite small change of this atomic charge, we observe notable charge
alterations on the defect-closest atoms. The tin atoms become more positive whereas
the O atoms are more negative. This phenomenon means that the nature of the
chemical bonding has become more ionic, which explains why the O atoms move
towards the impurity. The Sn atoms try to preserve their bond lengths with the
nearest O atoms, moving along with them, even if it reduces their distance regarding
the dopant.

The DOS (Fig. 5) is practically unchanged due the presence of the Al atom. Impu-
rity atom has some small contributions in the upper VB and the CB, but no presence
of any local band-gap level has been observed. The band-gap width increases slightly
up to 1.78 eV, which means there are no major changes on electrical conductivity.

3.4 Cr-doped SnO2

Cr-doping was done similarly to the previous cases: one of the central Sn atoms
was replaced by the impurity. In order to describe appropriately the delectrons of
the chromium impurity, parameter U = 4.0 eV has been utilized [41, 42]. The
introduction of impurity affects its surroundings with local microstructure being
altered. Movements of both, Sn and O atoms are towards the impurity, and can be
seen in Table4 (atoms have moved in a similar way as in the case of Ga-doping, so
Fig. 3 can be used to visualize the movements), with the closest tin atoms moving
by approximately 0.03 Å towards the impurity, and most of the O atoms displacing
by 0.06 Å, except for O(6) and O(9) atoms, which have moved 0.09 Å.

Bader charge analysis shows that the charge on the Cr impurity is 2.01 e, which is
smaller than the 2.41 e on the replaced Sn atom. That could explain the movements
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Table 4 Atomic
displacements and charges for
Cr-doped SnO2 crystal

Atom Q1(e) Q2(e) �R (Å)

Cr (1) – 2.01 –
Sn (2) 2.42 2.47 −0.03
Sn (3) 2.42 2.47 −0.03
O (4) −1.21 −1.16 −0.06
O (5) −1.21 −1.16 −0.06
O (6) −1.21 −1.13 −0.09
O (7) −1.21 −1.16 −0.06
O (8) −1.21 −1.16 −0.06
O (9) −1.21 −1.13 −0.09

Fig. 6 Total DOS of the Cr-doped SnO2 crystal. The dotted line marks the Fermi level (EF )

of the nearest Sn atoms: the Coulomb repulsion has decreased. On the other hand,
it is found that O atoms also move towards the impurity. In this case, it is necessary
to state that the atomic radius of the Cr atom, rCr = 0.615 Å [43] is smaller than the
corresponding radius of the replaced Sn atom rSn = 0.69 Å [43]. That is why due
to the impurity incorporation, the bond length is artificially larger than the value it
should be according to the atomic radii, and the O atoms are rearranging themselves
according to this fact, trying to keep an appropriate bond lengthwith the defect, which
leads to the defect-inward atomic shifts. The same effect, regarding the atomic radii,
has been observed in some other researches [44–46].

DOS has been also calculated and is depicted in Fig. 6. There are no major
changes upon the band structure compared to the corresponding DOS picture of the
pure crystal. Nevertheless, some contributions of the Cr 3d atomic orbitals (AOs)
in the CB for the β spin can be noticed around 4 eV above the Fermi level. The
band-gap width increases slightly up to 1.85 eV.

The presence of the Cr impurity doping leads to the occurrence of local magnetic
moment in the lattice. The total magnetic moment of supercell has been found to be
around +2.0 µB, with impurity contribution being approximately +2.27 µB. Small
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negative contributions of defect-nearest O atoms towards the magnetism have been
also observed.

4 Conclusions

A quantum-mechanical study of tin dioxide (SnO2) in the presence of some impu-
rities through the DFT+U approach has been carried out. The obtained structural
parameters for pure crystal are in accordance with the available experimental results.

Themain conclusions due to the doping of impurities can be drawn from the analy-
sis of the obtained results. In case of the F-doping, it is found that the O atoms move
towards the F atom whereas the Sn atoms move outwards the defect, due to changes
in the electrostatic interaction within the defective region. Fluorine substitution leads
to the increase in the n-type electrical conductivity.

The presence of a Ga impurity doping produces atomic shifts towards the defect.
Neither local energy levels within the band-gap region nor changes in the band-gap
width have been observed.

Al-doping changes slightly the nature of chemical bonding in its neighbourhood.
It becomes more ionic due to increase of both positive and negative atomic charges
on Sn and O atoms, respectively. The DOS analysis shows slight increase of the
band-gap width for the doped material.

The incorporation of a Cr atom produces defect-inward atomic shifts. Cr atom
itself has local influence upon the band structure properties of the material with some
contributions towards the CB of material for the β spin. Small increase in the band-
gap width is also observed. Finally, Cr dopant produces local magnetic moment in
the crystalline lattice, being equal to +2.0 µB.
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