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Crystal structure, electronic and optical performance of oxygen vacancies defects and Ag-doped were
calculated for SnO> (rutile) semiconductor. In this paper, the examines were accomplished electronic structure,
band structure, parity density of state and optical properties by first-principle, in order to demonstrate the
crystal stability and the change of electronic structure due to different concentration of vacancy, and to
investigate the distribution of PDOS with different concentration of Ag-doped based on draw guide width, band
gap, Fermi-level changes and the distribution of the absorption spectra. The results showed the phenomenon
including electron localization levels and narrow band gap and red shift of the absorption spectrum. Moreover,
indicated that oxygen vacancies and Ag-doped SnO; can better improve conductivity. In addition, our
investigation further revealed that the optical absorption capacity enhanced with increasing the electronic and
optical properties in SnO- internal situation, which should improve the photocatalytic performance, and provide
more valuable instructional information for designing new sensor materials.

1. Introduction

Gas sensitive sensors are focused on improving the sensitivity and stability and selectivity, and expanding the
scope (Kim et al., 1999, Hays et al., 2005 and, Rajpure et al., 2000), therefore, chemical sensors have gained
consideration attention in environmental monitoring. Recently, SnO, as a broad-spectrum gas material is
widely regarded as a transparent conductor and sensor materials due to excellent optical and electrical
properties, and thus Tin dioxides hold great promise for applications as semi-conductors (Hartnagel et al.,
1995 and Look et al., 2004). Currently, Tin dioxide has been already used in sensors, solar cells, photovoltaic
devices, spintronic devices and transparent conductive electrode, et al. (Kim et al., 2011; Snaith and Ducat,
2010; Liu et al., 2007; Zhang and Chen, 2015; Borges et al., 2012; Lewis and Paine, 2000). Especially, SnO,
as a kind of functional materials is owing to material composition, microstructure and the catalytic activity of
the surface modification of doping, etc., which is the key factor of gas sensor performance used in transparent
conductive film of ownership (TCO) and chemical gas sensors. However, literature on optical properties is little
information, and the mechanism of photoluminescence is inconclusive. Hence this paper was mainly
concerned on investigation of SnO; (rutile) semiconductor.

Through SnO,-based gas sensor has low sensitivity and poor stability, some technologies including surface
modification, surface doping, catalytic layer and nano materials can improve the detection ability (Abhijit et al.,
2015; Li et al., 2016; Dhanya et al., 2015). Reports advocated showed that oxygen vacancies and doping are
useful for conductivity of SnO2, which is due to the REDOX reaction between sensitive material and gas
measured, so that sensitive degree is different because of doping and testing temperature. Then studies
(Baraneedharan et al., 2015; Sun et al., 2008; Dhanya et al., 2015; Qin et al., 2009) further demonstrated that
the concentration of a specific gas can accurately detect from variety mixture ingredients by controlling the
crystal defects and doping. Similarly, the same to other semiconductor materials, appropriate element doped
in SnO2 may significantly affect the more sensitive feature, in addition, the response and recovery time of
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performance can be further improved. Respectively, a lot of experiments and theory works were focused on
different elements doped SnO, system to discuss electronic structure(Giuseppe et al., 2016 ) and optical
properties. More recent examines reported the exploration of electronic and optical properties of Ag doped in
SnO; (Liu et al., 1997). In fact, Ag doped due to the unique properties of photocatalytic ability is considered to
be great significance for industrial application prospect of a mixed material.

At present, there is little information available in literature on the system of Ag doped SnO_, and the discussion
of doping distribution and defects has not agreed on consensus. So quantum chemical calculations were
carried out into these issues via first-principles calculations(Wang et al., 2015) and based on density functional
theory (DFT) ( Hohenberg and Kohn, 1964), and it may provide a good prediction coupled with molecular
dynamics (Benedek et al., 1999; Tang and Holzwarth, 2003; Sigala et al., 1995; Yong et al., 2015; Rossi et al.,
2015). Furthermore, considerable theoretical experiments have been devoted to the phase structure, electric
and optical properties of SnO, (Scanlon and Watson, 2012; Schleife et al., 2013). In this paper, there are two
aspects of these issues to be addressed, the first question related to different concentration of oxygen
vacancies, and the second problem deal with different concentration of Ag-doped. In order to investigate
electronic and optical properties through calculating band structure, parity density of states, Fermi-level
changes and the distribution of the absorption spectra, so as to improve the absorption properties and make
the precision of calculation and guarantee the accuracy of the calculation results. As a consequence,
investigation was implemented in the Castep package to provide theoretical and experimental guidance for the
design a new generation of sensors materials.

2. Methods and Computational Details

Firstly, the convergence of calculation relied on structural model optimized via first principles(Triki and
Ezzeddine, 2008), and set the appropriate parameters including density approximation function and plane
wave basis set extensions in the framework, and the exchange-correlation part is described with generalized
gradient approximation (GGA) (Perdew et al., 1993) and projector augmented wave (PAW) potentials and the
perdew burke ernzerhof (PBE) (Perdew et al., 2006; Hammer et al., 1999), and the exchange-correlation
function was used to describe under the spin-polarized. As well-known, SnO- (rutile) is a wide band-gap and
n-type semiconductor material for transparent electrodes (Dawar et al., 1995), and its space group is the
P42/mnm, and then Pseudopotentials (Ravindran et al., 1998) of electronic calculation executes norm-
conserving (Hartnagel et al., 1995). Additionally, SnO- can be simplified as a set of face-centered cubic lattice,
and its symmetry is D4h-14 with lattice constants. Namely, Sn atoms occupy the position of vertices and body-
centered of tetragonal body in SnO; unitcell, and O atoms form a distorted hexagonal packing, moreover,
each crystal cell is composed of six atoms (two Sn atoms and four O atoms).

In view of convergence, interatomic force is less than 0.03eVnm™', and the maximum forces on each relaxed
atom is less than 1x10°%eV-atom™. Respectively, internal stress is lower than 0.05GPa, and the lattice
parameters and the atomic position are fully relaxed. According to the Monkhorst-Pack scheme (Monkhorst et
al., 1976) k-point mesh with 5x5x8 (for unitcell cases) used for the integration of the Brillouin zone, energy
calculate in reciprocal space under the condition of periodic boundary conditions. When band gap was in
converged value 3.6eV (Shieh et al., 2006; Dawar and Joshi, 1984; Dean J. A. (ed.), 1992), Ecutor (Cut-off
Energy) for the plane waves is chosen to 400eV. In this case, SnO2-doped materials are prepared to improve
the electrochemical properties, and further guide the design and synthesis of SnO»-based materials with the
higher performance.

Table 1: Structural parameters between optimized calculation and experiment of SnO

Parameters Experiment Calculation
a/lA 4.7370 4.8902
b/ A 4.7370 4.8902
c/ A 3.1860 3.2854

Generally, crystal structures of SnO, contain oxygen vacancy or Tin-ion, and generate free electrons due to
the presence of Oz-space and doping. Therefore, supercell (2x2x2, Snzs040) was built according to oxygen
vacancy defects and Ag miserably impurity of SnO, system. Furthermore, in consideration of oxygen vacancy,
the crystal system keeps electrically neutral because O atoms was removed, and the work respectively
established Sn3s032 (oxygen vacancy concentration 10.67%, and similar hereinafter), Sn3s024 (21.33%) and
Sn35012 (37.33%). On the contrary, Ag atoms in the crystal structures of Ag doped was replaced by one or
more Sn atoms, so experimental established SnzsAg1040 (1.33%), Snz7AgsOs40 (10.67%) and SngAgo7Os2
(36.00%). In addition, calculation of all the electronic structure and optical properties relied heavily on crystal
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geometry and structure optimization, which made all the atoms of the supercell fully relaxed. Consequently,
the shape (mainly noted side length) of model optimized was changed, and optimized results and the
experimental results are shown as Table 1. Both data of theory and numerical (Hartnagel et al., 1995; Singh
et al., 2008; Anderson et al., 2011) were very similar, which implied the precision theoretical calculation, and
also indicated the reliable model calculated. Although the cell dimensions were not enough to reach the size of
the test scenario, calculations reflected the typical Ag-ion doping concentration and described correctly
interactions of the Ag-Ag.

3. Results and Discussion

In this study, the effects of vacancy and Ag-doped with different concentration were investigated by first
principles, and electronic structure, band structure, PDOS and absorption spectra were mainly examined.
Noted that density of SnO; around vacancy changed when one O atom is removed from lattice of SnO,
semiconductor, and then its structure remain two electrons in the structure in order to keep space charge
neutral. Simultaneously, oxygen vacancy being positively charged center has the attractive potential of
negative coulomb, and the conduction band energy moved to the low energy and became donor level into the
band gap formation, additionally, it is clear that the energy locates in the higher energy range (-8.97eV~0eV)
and low energy range (-19eV~-16.5eV). As a result, valence band across the Fermi surface into band gap in
view of Figure 1, and conduction band also move to relatively low energy direction. Moreover, the movement
is more obvious. At the same time, excess electrons in crystal lattice may transfer Sn** into Sn** (Yang et al.,
1995). Although some Ag” ion can enter the lattice, it is difficult for Ag”* ion to replace Sn4"ion. Consequently,
one difficulty is a silver oxide molecules separate three oxygen vacancies, the other is the radius of Ag”
greater than sn*, thereby, lattice distortion is caused.

(b)
Figure 1: Electronic structure (a) and band gap of SnssO32 (b)

In theory, SnO2 belongs to the typical insulators, but the chance of one electron guided its valence band is tiny
on account of existing oxygen vacancy in room temperature. Then experiment further demonstrated that
conduction of SnO2 semiconductor is not heavily dependent on intrinsic excitation but additional energy level
of electrons or holes on the excitation, namely the donor level electronic or acceptor level hole, which
indicated that oxygen vacancy can play free electron ionization caused by tin oxide show n-type (Cetin and
Alex, 2002; Godinho et al., 2009) semiconductor material properties.

Figure 2 shows PDOS diagram of SnO, structures with different concentration of oxygen vacancy, and the
narrow energy gap and indirect band gap could dramatically enhance the photocatalytic properties. Therefore,
calculation results suggested that oxygen defects were composed of Sn-gap and O-space, and remained the
defect into the energy gap and then make the band gap narrowing ratio compared to pure Tin oxide.
Moreover, different ratios of oxygen vacancies experiment showed that electronic structure of SnO, changed
with different doping concentration of oxygen vacancy, but also conductivity was better than pure SnO; after
losing O atoms, and the materials with vacancy easily absorbed the reducing gas. In addition, the stability of
SnO; crystal decreased, and the deformation of the whole structure was also increased with concentration
increased of oxygen vacancy. Although the symmetry declined, the whole lattice still belongs to rutile
structure.As for influence on the electrical conductivity of Ag doped, calculation took account of substitutional
doping effect of SnO; (rutile). In this paper, the supercell (2x2x2) was calculated using impurity atoms to take
place of Sn atoms, and in order to test the feasibility of Ag doped inside crystalline. Accordingly, in
consideration of reducing the impact of border effects, the work firstly selected one Ag atoms to replace Sn
atoms in the center position, and then named SnzsAg10a40, and further increasing the doping concentration to
form different supercell (Sn27AgsO40 and SnsAg27040).
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Figure 3: Electrical structure and PDOS with different concentration of oxygen vacancy

Subsequently, the result of electrical structure and PDOS is shown in Figure 3a, 3b, and showed that band
gap becomes smaller and makes Fermi level across the band after Ag doping. Figure 3b shows that it is
difficult to determine band gap. The explanation was to emerge several layers of narrow electronic states at
the top and bottom of valence band, and then make the guide width narrowing. However, conduction band at
the bottom takes place large movement down, which led to the band gap becomes smaller. Furthermore, the
valence band electrons are excited into the conduction band and excitation energy required is also reduced,
which can cause a red shift phenomenon. In addition, the valence band near the top emerged a significant
peak of DOS, which may also cause the absorption spectra of SnO, moving towards the longer wavelength
region. According to the theory of semiconductor doping in degenerate semiconductors, the function of
impurity band is useful to improve the photocatalytic activity of SnO».
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Figure 4: Absorption spectra of pure SnO, and Ag doped SnO;

Finally, the transparency of Ag doped SnO: films prepared at different oxygen flow rate has been investigated,
in order to examine the effects of Ag doped SnO; on optical absorption properties. Figure 4 shows that the
maximum of absorption peak with different doping concentration is from 2.1x10’mm™" to 2.9x10°mm™", and
the studies calculated absorption spectra of pure SnO, and Ag doping different concentration. Compared
without Ag doped SnO, (rutile), certain degree red shift of absorption band appeared because of impurity
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atoms. Moreover, in the light of Ag doping impurities, the corresponding optical absorption gradually shifted to
a longer wavelength region. When doping concentration was 10.67%, the effect of light absorption was best,
and Figure 4 shows that Jane band formed between 4d impurities band of Ag doped and conduction.
Furthermore, electrons could easily transmit from valence band to conduct band with decreasing width of band
gap. In consequence, absorption capacity could be obviously enhanced in the lower energy areas. Compared
with other works and results, it should be noted that this study has examined optical performance only with
first-principles calculations. Notwithstanding its limitation, this work suggests to investigate optical absorption
with more elements doped Sno; to improve the catalytic performance.

4. Conclusions

In summary, in view of oxygen vacancies defects and Ag-doped, the investigation demonstrated electronic
structure, band structure and PDOS of SnO; in the rutile, and indicated band gap, Fermi-level changes and
the distribution of the absorption spectra of pure SnO, and Ag doped SnO; via first principles. Obviously, the
results show that the phenomenon including electron localization levels and narrow band gap and red shift of
absorption spectrum, and the valence band electrons is excited into the conduction band and excitation
energy required is also reduced, which can cause a red shift phenomenon. When decreasing width of band
gap, electrons is easy to transmit from valence band to conduct band, and the absorption capacity could be
obviously enhanced in the lower energy areas, which should improve the catalytic properties and valuable
instructional information to design a new generated sensor materials.
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