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Abstract We show the effect of molybdenum-, niobium- and tantalum-dopants on the
structural, electronic, optical and electrical of tin dioxide by using first-principle study
within the full-potential linearized augmented plane wave method and semiclassical
Boltzmann transport theory. The results show that the doped tin dioxide systems have
negative formation energies. The dopants introduce shallow donor states around the
conduction band minimum, leading to red-shift of optical transparency in the case of
molybdenum- and niobium-doped tin dioxide, and blue-shift in the case of tantalum doped
tin dioxide. The electrical conductivity is remarkably improved after doping, while the
tantalum doped tin oxide exhibits the highest value.

Keywords Tin dioxide - Ab initio - Semiclassical Boltzmann theory - Transparent
conducting oxide

1 Introduction

Tin dioxide SnO, is a wide band gap semiconductor with an ideal direct band gap of
3.6 eV. Advantages, such as low cost, non-toxicity and high thermodynamic stability,
make it widely requested in many optoelectronic applications including transparent con-
ducting electrode, light emitting diodes and photocatalyst (Yates et al. 2012; Ouerfelli et al.
2008; Park et al. 2015). In order to improve the efficiently of SnO, in technological
applications, many attempts on doping of SnO, have been investigated (Orel et al. 1995;
Turgut et al. 2013; Toyosaki et al. 2008). Mo, Nb and Ta are the most interesting doped
elements into SnO, structure to decrease the electrical resistivity due to difference of
oxidation number between native and these dopant elements. For example, Ta-doped SnO,
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were reported to exhibit a low resistivity of 1.1 x 107 Q cm (Toyosaki et al. 2008),
which is comparable that of F-doped SnO,. More recently, the attempts have been done to
find other dopant elements for improving the efficiency of SnO, properties, such as Mo and
Nb (Orel et al. 1995; Turgut et al. 2013). Nevertheless, the electrical resistivity of Nb-
doped SnO, was reported to be 0.62 x 107> Q cm (Turgut et al. 2013), while that of Mo-
doped SnO, was 1.7 x 10* @ cm (Orel et al. 1995). Despite, there aren’t enough studies
on the structural, electronic, optical and electrical properties of Mo-, Nb- and Ta-doped
SHOQ.

The theoretical methods such as density functional theory (DFT) provide an extremely
valuable tool for predicting different properties of a large number of semiconductors
(Slassi 2015; Zhang et al. 2012; Shi et al. 2013; Qin et al. 2009; Dixit et al. 2012; Slassi
et al. 2014; Tran and Blaha 2009). Interestingly, first-principles-based calculation can serve
as a predictive tool to development of new materials. However, the main limitation of first
principles study is the ability to produce the band gap of semiconductors in good agree-
ment with that of experimental measurement due to exchange—correlation terms. A theo-
retical point of view, the standard DFT calculations yield band gap values much
underestimate as compared to experimental data. The band gap of rutile SnO, was reported
to be 1.2 eV by using the generalized gradient approximation (Zhang et al. 2012), and
1.307 eV by the local density approximation (Shi et al. 2013). Some moderate methods
have recently been developed to correct band gap error such as Tran-Blaha modified
Becke—Johnson (TB-mBJ) (Tran and Blaha 2009). This yield a band gap value less
underestimated to experimental data.

2 Theoretical and computational approaches

In the present first principle study, we have employed the full potential linearized aug-
mented plane wave (FP-LAPW) method to solve the Kohn—-Sham equations as imple-
mented in the Wien2k code (Blaha et al. 2001; Georg 2001). The exchange—correlation
potential was described within the generalized gradient approximation (GGA-PBE) pro-
posed by Perdew et al. (1996) to investigate the structural properties, while Tb-mBJ for
electronic, optical and electrical properties. The radii of the muffin tin atomic spheres Ryt
are 2.03 Bohr for Sn, Mo, Nb and Ta atoms, and 1.75 Bohr for O, respectively. The cutoff
parameter Ryt Kyjax is set to 7.0 where Ryt denotes the smallest muffin tin radius of
atoms and Kyjax is the maximum value of the reciprocal lattice vectors used in the plane
wave expansion. We have used a self-consistent criterion of the total energy with a pre-
cision of 0.0001 Ry.

3 Discussion of results
3.1 Structural properties
Tin dioxide SnO, crystallizes in rutile tetragonal structure in the nature state with a space
group 141/AMD, containing two Sn- and four O-atoms in the primitive unit cell (Kim et al.
1994). A 2 x 2 x 2 supercell consisting of 42 was constructed in the calculations. To

simulate the effect of doping on SnO, properties, we substituted a Sn atom by a Mo, Nb or
Ta atom in 42 atoms supercell, as shown in Fig. 1, that corresponds to level doping of
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Fig. 1 2 x 2 x 2 Supercell
model of doped rutile-SnO,

‘ X= Mo, Nb or Ta

® 0

6.5 %. The equilibrium lattice constants and energy of ground states are evaluated by
fitting the energy versus volume data into the Murnaghan equation of state (Murnaghan
1944).

The optimized lattice constants of pure and doped SnO, systems are summarized in
Table 1. The current calculated lattice constants of pure SnO, are in good agreement with
other theoretical results and slightly bigger than the experimental values due to the well-
known overestimation of GGA, indicating that our results are still reliable. For doping
cases, the constant lattices of Mo-doped SnO, system decrease from pure, while ones of
Ta- and Nb-doped SnO, expand owing to the difference in the atomic radii between native
and dopant elements.

To check the thermodynamic stability of doped systems, the formation energies (Bai
et al. 2011) for Mo, Nb- and Ta-doped SnO, have been estimated:

Eform (X-doped SnO;) = E(X-doped SnO,)—E(pure) — E(X)
+ E(Sn)(X = Mo, Nb and Ta)

where E(X-doped SnO,), E(pure) are the total energy of pure and doped supercell systems,
respectively; E(Sn) and E(X) represent the total energy per atom of Sn and X=Mo, Nb and
Ta bulk. The more stable system has the lower energy. The different values of formation
energies are summarized in Table 1. It can be seen from values that the doped systems
have negative formation energy, demonstrating that the doped SnO, system becomes more
stable after doping with Mo-, Nb- or Ta-atoms. This give the opportunity to make
experimentally doped SnO, samples with the minimum of structural defects. In addition,
the Ta-doped SnO, shows the lower formation energy, giving the advantage to the Ta-
dopant. Singh et al. (2008) reported that the doping with Nb- and Ta-elements on Sn native

Table 1 Calculated lattice constants and formation energies of pure and doped rutile-SnO, by using GGA-
PBE

System a (A°) c (A° EgeV
Pure SnO, 4.8304 3.2465
Exp. 4.747 (Kim et al. 1994) 3.186 (Kim et al. 1994)
DFT-GGA 4.825 (Hassan et al. 2005) 3.245 (Hassan et al. 2005)

4.821 (Duan 2008) 3.236 (Duan 2008)
Mo-doped SnO, 4.8290 3.2455 —0.887
Nb-doped SnO, 4.8361 3.2504 —3.741
Ta-doped SnO, 4.8373 3.2512 —4.162
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atom site lead to negative formation energies, which is in good agreement with our
calculations.

3.2 Electronic structure

To better understand the impact of doping on the electronic structure of SnO, system; the
band structure and projected density of states are examined. The band structure of pure-,
Mo-, Nb and Ta-doped SnO, along the Z-A-X-G-Z-R-X-G path in the first Brillouin
zone are shown in Fig. 2. It’s clear from Fig. 2a that the valence band maximum and the
conduction band minimum locate at the same G-point, indicating that the lowest band gap
transition in the SnO, rutile is direct, which is in conformity with the previous theoretical
calculations (Zhang et al. 2012; Shi et al. 2013; Qin et al. 2009; Dixit et al. 2012). The
calculated band gap value for pure SnO,, using Tb-mBJ approach, is about 2.63 eV, which
is underestimated as compared to experimental values due to the well-known drawback of
DFT based calculations. Nevertheless, this result presents a lower underestimation of band
gap than the GGA calculation that gives only 1.2 eV. On the other hand, the electrical
behaviour was substantially evaluated from the energy dispersion at the top of the valence
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Fig. 2 Band structure of: a pure, b Mo-, ¢ Nb- and Ta-doped rutile-SnO, using TB-mBJ, respectively
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Table 2 Calculated optical band

gaps of pure and doped rutile- System Eg (eV)
SnO, by using TB-mBJ
1, by using m Pure SnO, 2.63
Mo-doped SnO, 2.46
Nb-doped SnO, 2.51
Ta-doped SnO, 3.68

band and the bottom of the conduction band. The curvature of the conduction band at the
G-point, as shown in Fig. 2a, is less flat than that at the top of the valence band, suggesting
a lower effective mass of the electron that of the hole in the SnO, host. In term of the
relation between the electrical conductivity and the absolute value of the effective mass of
the free charge carriers, the conductivity of n-type doped SnO, is more favourable than that
of p-type doped SnO, for conducting electrode application.

When Mo-, Nb- or Ta- doped SnO,, as shown in Fig. 2b—d, the main effects in the band
structures are to create donor states and shifting the Fermi level towards the conduction band
minimum. These make the doped SnO, systems n-type conducting semiconductor. In addi-
tion, the Fermi level enters into the conduction band in the case of the Ta-doped SnO, make it
a degenerate semiconductor; therefore, the Burstein—Moss effect can be predicted. This
implies that the optical band gap (from the top of the valence band to the Fermi level) could
significantly expand in the Ta-doped SnO, system. The different optical band gap values of
pure and doped SnO, systems are summarized in Table 2. From the results, it is clear seen that
the band gap of Mo- and Nb-doped SnO, decrease due to occupied states below the con-
duction band minimum, which affect negatively on the optical transparency. Whereas, the
optical band gap for Ta-doped SnO, is significantly increased due to, as mentioned above, the
Burstein—Moss effect, which is useful for transparent conducting applications.

The total and partial density of states of pure-, Mo-, Nb-, and Ta-doped SnO, are
presented in the Fig. 3a—d. The Fig. 3a shows that the upper portion of the valence band,
for pure SnO,, mainly derive from the O-2p states with the low contribution of Sn-5p
states. The strong contribution of O-2p states, in the top of the valence band, is one of the
reasons of the low p-type conductivity in the oxide semiconductors. The bottom portion of
the conduction band, in the range —7.6 and 0 eV, consists essentially of Sn-5s and Sn-5p
states while O-2s states also have a little presence.

The effect of doping on the electronic properties can be examined from 3b—d. The states
created around the Fermi level can govern the major physical properties in the doped SnO,
system. The case for Mo-doping, as shown in Fig. 3b, the shallow states that occupy a
limited range of energy around the Fermi level are formed by the Mo-4d impurity. These
impurity states around the Fermi level, as shown in Fig. 3c—d, become shallower for Nb
and Ta-doping, indicating that the impurity maybe has a substantial impact on the opto-
electronic properties of the doped SnO, systems. Furthermore, these shallow states are
dominated by Nb-4d and Ta-4d states for Nb- and Ta-doping, respectively. In the electrical
behaviour point of view, these impurity states could be considered as the primary origin of
the electrical conductivity in the doped SnO, systems.

3.3 Optical properties
The optical properties of a material are usually determined by the complex dielectric

function &(®) = g;(®) + iey(®), which present the linear response of a system to elec-
tromagnetic field. The imaginary part of the dielectric function, €(®), represents the
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Fig. 3 Total and partial density of states of: a pure, b Mo-, ¢ Nb- and Ta-doped rutile-SnO, using TB-mBJ,
respectively

absorption in the crystal, which can be obtained by calculating the momentum matrix
elements between the occupied and the unoccupied electronic (Okoye 2003). Then, the real
part of the dielectric function, €;(®), governs the propagation behaviour of electromagnetic
field in a material, is derived from the imaginary part using the Kramers—Kronig trans-
formation (Amin et al. 2011). Hence, the linear optical properties, such as the optical
reflectivity and the absorption coefficient, could be derived directly from the complex
dielectric function (Sun et al. 2005).

The imaginary part of the dielectric function of pure-, Mo-, Nb- and Ta-doped SnO, are
shown in Fig. 4. The peak, E|, at energy of about 2.67 eV represents the transition energy
threshold, which corresponds to the band gap of pure SnO,. This threshold shifts to the

@ Springer



AD initio study on the structural, electronic, optical and... Page 7 of 10 160

Fig. 4 Imaginary part of pure

dielectric function of pure, Mo-, | —------ Mo-doped SnO,
Nb- and Ta-doped rutile-SnO, by 21 —==== Nb-doped SnO, /"
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lower energy of about 2.46, E,, eV and 2.51 eV, Ej3, in the case of the Mo- and Nb-doped
SnO, systems, respectively. The reason behind these red shifting is explained by decreasing
of band gaps. The pick, E,4, at energy 3.65 eV in the case of Ta-doped SnO, is due to,
according to the Burstein—Moss effect, the vertical transition between states at the appro-
priate k-point matching the initial valence band states to the unoccupied states around the
Fermi level. Moreover, the picks, Es and Eg, at the energies of 0.23 and 0.5 eV represent the
electron transition between occupied and unoccupied states localized just around the Fermi
level. These low energies of the electron transition suggest that the electron injection into
the conduction band could be started from the low excitation energy in the Nb- and Ta-
doped SnO, samples, which is useful for transparent electrode applications.

The optical transmittance, absorption and reflectivity of pure, Mo-, Nb- and Ta-doped
SnO, are shown in Fig. 5. A large wavelength transmittance in the visible and UV ranges is
required for transparent conducting application. It’s clearly, as shown in Fig. 5a, that the
pure SnO, has an excellent optical transparency along the visible range with an average of
83 %, which is in good agreement with experimental data on the SnO, ritule thin films
(Gao et al. 2014; Singh and Kumara 2015). The reflectivity for pure SnO,, as shown in
Fig. 5b, is within the average minimum extent of 10 %, while the absorption coefficient, as
shown in Fig. 5c, is still low in the visible range due to its semiconducting nature. For
doped SnO, systems, the average transmittances in the visible region are decreased owing
to the induced absorption of shallow states and the reflectivity of area. On the other hand,
the threshold of the transmittance is red-shifted for Mo- and Nb-doped SnO, systems,
while is blue-shifted and the optical transparency is improved towards of UV range that is
useful for transparent conducting applications. These blue-shifts are mainly attributed to
increasing of the band gap of doped SnO, systems. On the experimental point of view, our
obtained results are in good agreement with optical data on thin films (Gao et al. 2014;
Singh and Kumara 2015).

3.4 Electrical

The reduced electrical conductivity of materials could easily obtained by using the
Boltztrap package. This package is based on the semi-classical Boltzmann theory and the
rigid band approach (Scheidemantel et al. 2003; Madsena and Singh 2006). However, the
main issue in the semi-classical Boltzmann theory is the determination the relaxation time,
!, for calculating the exact electrical conductivity. To advance in the calculations, we
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Fig. 5 a Transmittance,

b reflectivity and ¢ absorption
coefficient of pure and doped
rutile-SnO,, by using TB-mBJ,
respectively
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used the module proposed by Ong et al. (2011) and experimental data reported by Tsubota
et al. (2014), who made measurements on the SnO, ceramic. By combining those with our
calculations, we obtained the relaxation time, T = 9.98 x 107® x T~! x n™"3. The cal-
culated electrical conductivity for pure-, Mo-, Nb-, Ta-doped SnO, are summarized in
Table 3. It is clear that the electrical conductivities for doped SnO, systems are remarkably
improved as compared to that of pure SnO,. These are due to the difference in the
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Table 3 Calculated electrical

—1
conductivities of pure and doped System o (Q cm)
tile-SnO
rutie-Snt, Pure SnO, 0.16
Mo-doped SnO, 2.84 x 10*
Nb-doped SnO, 3.61 x 10°
Ta-doped SnO, 8.48 x 10°

electronic configuration between native and dopant elements. In addition, both Nb- and Ta-
dopant improve the electrical conductivity more quantitatively than that of Mo-dopant.
These could be contribute to shallow donor states created by Nb- and Ta-dopant close to
the conduction band; therefore, the electrons could be excited by low energy.

4 Conclusion

We have investigated the structural, electronic, optical and electrical properties of pure-,
Mo-, Nb- and Ta-doped SnO,. We first study the effect of dopant on the thermodynamic
stability of rutile-SnO, by calculating the formation energies and reveal that the doped
systems remain stable after doping. The optical response shows the red-shifting of the
transmittance curve in the case of Mo- and Nb-doped SnO, due to reduce in the band gap,
whereas, show the blue-shifting in the case of Ta-doped SnO, owing to expand in the
optical band gap according to the Burstein-Moss effect. The semiclassical Boltzmann
transport calculations demonstrate that the electrical conductivity is significantly enhanced
for doped SnO,, with the highest increasing in the case Ta-doped SnO, system. Finally, our
results reveal that the Ta-doped SnO, could be useful as a transparent conducting oxide.
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