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Abstract

:

In order to develop a useful material for the optoelectronic sector with a variety of uses in thermoelectric and optical properties at a reasonable price, we researched SnTiO3, a Pb-free and Sn-based perovskite. We used the most recent density functional theory (DFT) methods, such as the gradient approximation (GGA) approach and the screened hybrid functional (HSE06). The calculated electronic structure yields to an indirect band gap of 2.204 eV along with two different K-points such as (X-Γ) using HSE06. The accomplished optical properties have been examined by dispersion, absorption, reflection, optical conductivity, and loss function against photon energy. The thermoelectric properties and electronic fitness function (EFF) were predicted DFT along with the Boltzmann transport theory. The Seebeck coefficient (S) and related thermoelectric properties such as electronic/thermal conductivity and the Hall coefficient were calculated as a function of chemical potential and carrier density (electrons and holes concentration) for room temperature. It was established that the temperature increases the Seebeck coefficient (S) at every hole carrier concentration. SnTiO3 has good EFF at 300, 500, and 800 K as well. The discovered EFF suggests that this material’s thermoelectric performance rises with temperature and can also be improved through doping. These findings demonstrated the potential of SnTiO3 as an n-type or p-type thermoelectric material depending on the doping.
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1. Introduction


Over the past ten years, scientists have been inspired to investigate new renewable energy sources due to the rising global energy demand. Perovskite oxide solids are thought to have potential relevance for optoelectronic and thermoelectric applications in this regard. These materials can also be employed in thermoelectric coolers, thermoelectric generators, and thermocouples due to their extremely high thermal efficiency. Perovskite ferroelectric materials are currently employed extensively in applications for electronics, IR sensors, non-volatile storage, and dielectric characteristics, as well as for optical waveguides, integrated optics use, and substrates for the creation of high-TC superconductors [1]. Perovskites also have excellent qualities such as a straight band gap, minimal optical loss, low excitation binding energy, and highly visible absorption. Perovskite materials are seen as possible candidates for application in optoelectronic devices such as solar cells, light-emitting diodes, and photodetectors because of these unique features. To address the main issues with Pb-based perovskites, such as their toxicity and poor chemical stability, numerous other perovskite materials have recently been researched. These findings support lead-free perovskites as a viable alternative to Sn-based perovskites [1,2,3,4,5,6,7]. With uses in thermoelectrics, batteries, ferroelectrics, photocatalysis, and thermoelectric, among other things [8,9,10,11,12], titanates have established themselves as one of the most versatile groups of materials. According to the Goldschmidt tolerance factor, oxidized titanates with the formula ABX3, in which A is a metal in the +II oxidation state and B is Ti4+ (d0), can be further divided into hexagonal ilmenite-type or cubic perovskite-type structures [13]. The impact of lone pairs may have intriguing implications for A’s structure and characteristics if it is a post-transition metal with ns2 electron configuration [14,15]. Such lone pair materials have drawn more interest in recent years, particularly in light of the fact that hybrid perovskites [11] and associated structures [12] have shown to be effective solar materials and exhibit intriguing optoelectronic features. Due to a phase transition, SnTiO3 exhibits ferroelectric properties in its cubic phase with space group Pm3m above 763 K and transitions to a paraelectric phase in its tetragonal phase with space group P4mm at ambient temperature to become a ferroelectric material [16,17]. Using a plane-wave pseudo-potential (PWPP) technique, Konishi et al. [18] examined the electrical structure of the perovskite SnTiO3. In experimental measurements, SnTiO3’s paraelectric phase exhibits a band gap of 3–3.5 eV, while in theory, it exhibits the best value of 1.7 eV [19]. SnTiO3 belongs to materials that are highly sought after in new photovoltaic technologies because of a variety of mechanisms that make wide-band-gap photovoltages and higher efficiency possible. Additionally, the class of materials known as titanates has lately been used in a range of applications, including ferroelectrics, photocatalysts, thermoelectrics, and batteries. All of these materials’ uses provide a setting for SnTiO3 research mainly, the band-gap calculations.



The cubic structure of SnTiO3 is explored in the present work for its electronic band-gap nature and value as well as the deduced optical properties. Since SnTiO3 is known to be ferroelectric, we employed the transport theory of Boltzmann to calculate the thermoelectric properties.




2. Computational Details


Computational methods can be used to anticipate chalcogenide semiconductors’ band gap and absorption band edge. In various studies [20,21], density functional theory (DFT) simulations were used to calculate the band gap (Eg) of new materials. The lowest energy difference between the valence and conduction band maxima can be determined quickly and effectively using DFT, but speed comes with a price of accuracy. In rare cases, this calculation may lead to an underestimating of band gaps unless the parameters are empirically modified. For the band-gap calculation of chalcogenide semiconductors, more computationally expensive methods like HSE06, many body perturbation theories (GW), and GW with the Beth–Salpeter equation (GW-BSE) are used on a case-by-case basis [21,22,23,24,25]. In this density functional theory (DFT) study, the Kohn–Sham equations are resolved using a plane wave (PW) basis set. DFT calculations were carried out using the Quantum Wise Atomistix Toolkit (ATK) application [26,27]. A hybrid functional was used to address the exchange-correlation term, because it accurately accounts for Fock exchange [28,29,30,31].


   E  xc   PBE 0   =  1 4   E x  HF   +  3 4   E x  PBE   +  E c  PBE    



(1)







The exact-exchange energy    E x  HF     for the Kohn–Sham orbitals is written as:


   E x  HF   = −    e 2   2    ∑   kn    ∑   k   ′  n   ′      w k   f  kn    w k   f  k   ′  n   ′    ∬    ψ  kn  *   ( r )   ψ   k   ′  n   ′      ( r )   ψ   k   ′  n   ′    *   (  r   ′   )   ψ  kn    (  r   ′   )     |   r   ′   − r  |     drd r   ′   ,  



(2)







   E x  HF       is computationally very expensive to estimate.



For periodic systems like the understudied compounds in the current work, the exact-exchange energy may never converge with distance. Heyd et al. [30,31] suggested dividing the exchange into short- and long-range sections, which may be represented using a screening length parameter, μ, in order to solve this issue. The short-range aspect of exact exchange can be described as the mixed component.


   E  xc   HSE   =  1 4   E x  HF , sr , μ   +  3 4   E x  PBE , sr , μ   +  E x  PBE , lr , μ   +  E c  PBE    



(3)







Two parameters, the screening length μ and the mixing fraction α, which in the PBE0 functional was 1/4, might be used to generalize the functional:


   E  xc   HSE    (  μ , α  )  =    α E   x  HF , sr , μ   +  (  1 − α  )   E x  PBE , sr , μ   +  E x  PBE , lr , μ   +  E c  PBE    



(4)







   E x  HF , sr , μ     is the short-range Hartree–Fock exact exchange functional,



   E x  PBE , sr , μ     E x PBE,SR (ω) {\displaystyle E_{\text{x}}^{\text{PBE,SR}}(\omega)} and    E x  PBE , lr , μ     E x PBE,LR (ω) {\displaystyle E_{\text{x}}^{\text{PBE,LR}}(\omega)} are the short- and long-range components of the PBE exchange functional.



   E c  PBE     is the PBE [11] correlation functional.



The mesh cutoff energy for sampling the K-point was 95 Hartree, and the sample size was 15 × 15 × 15. With a maximum stress tolerance value of 0.01 eV/Å3, we used the minimal Broyden Fletcher Goldfarb Shanno (LBFGS) approach [31,32] to optimize the geometries. The structure is not completely loosened until each atom experiences a force smaller than 0.01 eV/Å. The rigid band approach and semi-classical Boltzmann theory [33,34] form the foundation of the calculated method for the transport characteristics of crystalline solids. We perform transport calculations from electronic structures using the BoltzTraP algorithm, which is based on the semi-classical Boltzmann theory [35]. Doping is handled using the rigid band approximation, and the relaxation time τ is added as a constant [35].



It is well known that σ depends on electronic relaxation time τ, and obtaining precise τ is challenging. Typically, the σ can be computed by fitting the estimated σ/τ to the experimental if there is an experimental value of σ. The deformation potential theory can be used to estimate for the theoretical prediction. The Boltzmann transport theory, as implemented in the BoltzTraP algorithm, was used to calculate the transport coefficients in the relaxation time approximation [35]. The Seebeck coefficient and electrical conductivity can be stated as follows within this relaxation time approximation:


  S  (  T ,  E F   )  = −  1  e T V     ∫  σ  α β    ( E )   (  E −  E F   )   f   ′    (  T ,   E −  E F   )  d E    σ  α β    ( E )   f ′   (  T ,   E −  E F   )  d E      



(5)




and


  σ  (  T ,      E   F   )  = −  1 V   σ   α β     ( E )   f   ′    (  T ,    E  −  E F   )  dE  



(6)




where V is the unit cell volume, f’ is the energy derivative of the Fermi function at temperature T, and    σ   α β     ( E )    is the energy-dependent transport function defined as:


   σ   α β     ( E )  =  e 2  ∫  υ α   ( k )   υ β   ( k )  τ  ( k )  δ  (     E  − E  ( k )   )   d 3  k  



(7)




where E(k) is the band energy and   υ =  ∇ k  E / ℏ   is the group velocity of carriers that can be directly derived from band structures.



It can be exceedingly challenging to estimate the energy-dependent relaxation time τ. However, cancels in the expression for τ in the constant scattering time approximation (CSTA), which assumes that the energy dependence of the scattering rate is small compared to the energy dependence of the electronic structure. For a variety of TE materials, the CSTA has been used to calculate Seebeck coefficients with success [35,36,37,38,39,40,41]. The PF and various procedures have been used for this, but τ is still required. Utilizing a universal τ with a constant value, such as 10 to 14 s, is the most typical [32,42,43]. This ignores the doping dependency [42] and the enhanced scattering brought on by phonons at high temperature. Additionally, this is a rather optimistic scenario because, typically, one would anticipate that dispersion would rise as temperature and carrier concentration rose. The electronic fitness function (EFF),   t =  (  σ / τ  )   S 2  /  N  2 / 3    ), which assesses the measure to which a general complex band structure decouples σ and S, is used to describe the transport function. In this case, the scattering rate is inverse.



Band structure can be used to directly derive σ/τ, but σ and τ independently require in-depth understanding of the scattering. In isotropic parabolic band systems, the EFF is small. Under the constant relaxation time approximation, this EFF can be explicitly estimated using first-principles electronic structures and the Boltzmann transport theory [44,45]. In comparison to other measurements for oxides, it exhibits promise [44]. The Fermi energy is represented by N, a parabolic band, in the EFF, where EF is positioned in relation to the band edge, and   N ~    (   m  dos  *   )    3 / 2    E F  1 / 2     is the volumetric density of states, which is proportional to the density-of-states effective mass.




3. Results and Discussion


3.1. Electronic Structure Calculations


Figure 1 depicts the cubic SnTiO3 crystal structure. It crystallizes in the cubic Pm3m symmetry group. This structure was obtained from the database Materials project (https://materialsproject.org/, accessed on 13 September 2022). Sn atoms are found in the cell’s corners, oxygen atoms are found in the middle of each edge, and the only Ti atom is found in the cell’s center.



The electronic properties of studied perovskite SnTiO3 were determined by its energy band structure, total and partial density of states (TDOS and PDOS). In this study, the HSE06 approach was applied in order to enhance the band gap accuracy in semiconductors. In Figure 2, we show the band structures as calculated by HSE06 and GGA. With HSE06, we obtained an indirect gap (X-Γ) of 2.204 eV, whereas GGA is leading to an indirect gap of 1.035 eV. Compared to recent theoretical works performed using GGA-PBE and GGA-PBESol where the band gaps were found to be 1.164 eV and 2.445 eV, respectively [46,47], our band gap is approaching the experimental value as reported in [47,48]. In addition, band structure simulations using the hybrid functional HSE06 classify both projected high-pressure polymorphs as indirect gap semiconductors with marginally smaller band gaps than tetragonal PbTiO3 (PBE: 2.08 eV, exp. 3 eV, as indicated in references [47,48]). The calculated values for the two theoretically anticipated polymorphs of SnTiO3 at 1.87 eV for [BaTiO3]-type and 1.95 eV for [CaTaO2N]-type are relatively close because of a similar bonding condition.



The density of states depicts how different states are broken up. The crystalline field and electrostatic interactions between O-2p orbitals influence this, as shown in Figure 3. The Fermi level’s topmost valence band is chosen as zero, and the energy scale is measured in electron volts (eV). The compound exhibits an indirect bandgap of 2.204 eV between the upper part of the valence band at point X and the lower part of the conduction band at the point (Γ-X), as can be observed. In SnTiO3, the O-2p and Ti-3d orbitals belong to the valence and conduction bands, respectively. Between Sn and O, there is a lot of covalent bonding. The good behavior of ferroelectric material in the SnTiO3 compound is confirmed by this covalent bonding [49]. Furthermore, the upper valence band is dominated by O-2p electrons for all compositions of compounds, and the lower valence band originates from Ti-3d, Sn-5p.




3.2. Optical Properties


SnTiO3 is a possible efficient material for solar cells because of its band gap value. The electromagnetic spectrum has a high optical response of this. The imaginary component of the dielectric function is an example of a frequency-dependent linear optical property. In Figure 4, we have reported the imaginary parts of dielectric constant, optical conductivity and index refraction with extinction coefficient.



The peaks in the optical spectra are caused by electrons leaving occupied bands and entering empty bands at high symmetry locations in the Brillouin zone [50]. Figure 4a illustrates how the dielectric function’s real ε1 (ω) and imaginary parts ε2 (ω) change as a function of photon energy for the compound SnTiO3. From its zero-frequency limit, the real component of the dielectric constant ε1 (ω) increases to a peak value of 4.20 eV. The slight rise in frequency from resonance drops to the negative value at 7.47 eV. The negative dielectric constant suggests the metallic behavior of SnTiO3. Estimated static dielectric constant and optical gap are correlated by ε1 (0) ≈ 1 + D (Ep/Eg), where Ep, Eg are plasma energy and the average gap in the first Brillouin zone respectively and D is a constant whose magnitude is unity [51]. ε1 (0) ≈ 6.70 as computed outcome is consistent with this method, reflecting reliability of SnTiO3. Peaks originated in imaginary part ε2 (ω) due to the transition of electrons VB to the density-of-states analysis of SnTiO3 as provided in Figure 4, peaks are due to transition electrons to different states such as O-2p into Sn-5p CB, O-2p into Ti-3d CB, as well as O-2p into Sn-5p and Ti-3p CB.



Because photons transport energy to break the binding, optical conductivity increases as light absorption rises. The optical conductivity variation with photon energy for SnTiO3 is presented in Figure 4b, where peak is found at 6.32 eV. The entire analysis demonstrates that the investigated material has a band gap in the visible range, maximal absorption in the visible-to-ultraviolet region, and minimal reflection and optical loss, making it a good choice for optoelectronic applications.



The transparency could be investigated by the refractive index n (ω) of compounds when light is incident on their surface.   n    ( ω )    is zero for totally transparent materials, whereas positive values indicate light absorption. Due to the fact that visible light is absorbed in the higher atomic layers of the material, the best optical materials have refractive indices in between 2.64 and 3.5 [52]. We plotted in Figure 4c the extinction coefficient, where we can find that the variation of the refractive index plot is comparable to ε1 (ω) from relationship n2 − k2 = ε1 (ω). Most importantly, at the zero frequency, refractive index n (0) is the static refractive index, and the real part static dielectric constant follows the relationship n2 (0) = ε1 (0) = 6.7. The variation of extinction coefficient k (ω) is considered as the replica of ε2 (ω) [53]. It also suggests that the absorption is maximum in the ultraviolet region. Its magnitude is minimum in the region where ε1 (ω) approaches a negative value as well as n (ω) fractional.



In Figure 5, we have plotted the optical spectrum: absorption, reflection and transmission. In the beginning, at 0 eV, the material is in transmission mode with 80% of the transmission coefficient and 20% of reflection. The absorption is zero and starts increasing from energies around 1 eV. At 2.2 eV, the absorption is 34%, whereas T falls to 40% and R is stable to 22%. The maximum absorption is reached around energy of 3 eV with 73% corresponding to zero transmission and 27% of reflection, suggesting that absorption is maximum in the ultraviolet region.




3.3. Boltzmann Transport Calculations and Thermoelectric Properties


The ratio for electric field to temperature gradient in a conducting material is measured by the Seebeck coefficient. As the temperature rises, the material’s carrier density is maintained by the electron carrier concentration, making it the minority carrier. The hole carrier concentrations, on the other hand, produced a temperature-dependent Seebeck coefficient that responded positively to a rise in temperature. As long as electrons are the minority carriers, this result indicates that the material will be a p-type thermoelectric material. We should remark, nevertheless, that for reasonable doping levels, the chemical potentials are well below these crucial levels, necessitating the use of Seebeck coefficients with much smaller values.



The chemical potential shifts up toward the conduction band in the case of n-type doping and down toward the valence band in the case of p-type doping. The Seebeck coefficient is independent of σ in the constant relaxation time approximation; therefore, the temperature dependence of this coefficient should not affect the S-dependency on temperature. As a result, the intrinsic velocities and density of the states close to the band gap, as well as the carrier population, are what cause S to be temperature-dependent [54]. The p-type doping corresponds to the positive Seebeck, and the n-type doping relates to the negative Seebeck.



In Figure 6, we displayed the Seebeck coefficient and the Hall coefficient versus the chemical potential, μ. The Seebeck coefficient likewise shows two peaks, one for the n-type and one for the p-type. The peaks are substantially closer to the VBM and CBM than in the conductivity case, and should be reachable at moderate doping concentrations. At 300 K, the peak value’s magnitude is greater in the n-type region. While |S| increases with decreasing T for chemical potential values closer to the gap (smaller doping concentrations), it increases with T for chemical potential values farther from the gap (higher doping concentrations). This is due to the chemical potential being fixed, which, when T changes, causes changes in doping concentration. These highest values of |S|—1406 μV/K for the p-type and 3292 μV/K for the n-type—are both quite high. The Hall coefficient is showing the same behavior as the Seebeck coefficient, with more intensity in the negative zone (n-type) with no apparent shift in Fermi level.



The Hall coefficient is given in the low-field limit by the Boltzmann approximation for the selected experimental geometry [55]


   R H  =    ∑ i   σ  x y z    ( i )       (   ∑ i   σ  x x    ( i )   )   2     








where the conductivity tensor elements


   σ  xx    ( i )  =  e 2   1 Ω    ∑  k  τ  ( i )   v x 2   (  i , k  )   (  −   ∂ f   ∂ E  (  i , k  )     )   











The electrical conductivity is displayed in Figure 7a as a function of chemical potential as well as the carrier density. At all temperatures, the conductivity rises as the concentration of holes in the air does. The electrical conductivity increased rapidly when the carrier concentration rose slightly above 4.85 × 1022 cm−3, according to the data. The conductivity attained its peak at 4.15 × 1022 cm−3 for 300 K of temperature. The hole carrier concentrations have higher conductivity than electron carrier concentrations for this material. The valence band’s top point is selected to be the energy zero. Figure 7a shows that for SnTiO3, the chemical potential values at which the electrical conductivity reaches its maximum value in the p- and n-type regions are ±2.0 eV.



According to the temperature difference and mass, a material’s thermal conductivity explains its capability to conduct heat, and its specific heat capacity indicates how much heat energy is received or released [50]. Two components (k = ke + kl) make up thermal conductivity: ke, the electronic component (heat is transported by electrons and holes), and kl, the phonon component (phonon traveling through the lattice). At a temperature of 300 K, we compute ke as a function of using the same constant relaxation time approximation as before. The result is shown in Figure 7b. The chemical potential ranges between −0.75 and +0.5 eV, which are present in the regions where the examined materials can perform at their highest efficiency, show minimum values of ke. We discover that SnTiO3 exhibits the highest, which is around 3.85 × 1022 (Ωm)−1 at −2.0 eV for p-type. σ, however, reaches its maximum in the n-type area at 2.0 eV, or 7.58 × 1022 (Ωm)−1. A similar trend is shown for the thermal conductivity, where the p-type zone’s conductivity at −2 eV is 2.27 W/mK and the n-type zone’s is 2.90 W/mK. With some reduction, the electronic specific heat exhibits the same characteristic. Let us now discuss heat conductivity. Materials with limited thermal conductivity are used to create effective and reliable thermoelectrics [56].



The transport function EFF, often known as t, indicates how much a complicated band structure decouples σ and S. Finding and screening materials that defeat σ and S’s reciprocal behavior in order to obtain good thermoelectric behavior is suggested. We estimated the EFF, or the recently introduced t-function, in order to compare the performance of the current selenide with the promising TE materials [57].



The EFF vs. chemical potential at room temperature and carrier density for three different temperatures—300, 500, and 800 K—are displayed in Figure 8a,b. Between the p-type and n-type, the EFF versus chemical potential exhibits an asymmetric tendency.



The value is about 8.5 × 10−20 (W5/3 m/s−1/3/K−2) at −0.5 eV, and at +0.5 eV, the EFF reaches its maximum value of 6.0 × 10−20 (W5/3 m/s−1/3/K−2). Given the large S in low σ, low power factor typically equates to low doping, where the lattice thermal conductivity dominates and causes low performance, and finding a high Seebeck yet with reasonable doping is crucial. On the other hand, small S, which is undesirable even with high σ, can be found at high doping levels. There must be equilibrium.



The thermoelectric efficiency has been calculated from the figure of merit (ZT). At temperatures of 100 K to 1200 K, the figure of merit increases from 0 to 0.34, which is reasonably significant for thermoelectric materials. It is also informative to examine the utility of the electronic fitness function in relation to the Seebeck coefficient. Our material is showing higher value in the n and p regions, although good bulk TE materials typically have S~200–300 μV/K.



In reality, the electronic contribution of thermal conductivity can be expressed as    κ e    = LσT based on the Wiedemann–Franz connection. The common Lorenz number is L = 2.45 × 10−8 WΩK−2. Then, ZT can be rewritten as ZT = rS2/L, where   r =  κ e  /  (   κ e  +  κ l   )    and    κ e    and    κ l    are the electronic and lattice thermal conductivity, respectively. S needs to be greater than 156 μV/K to attain ZT = 1, which is the case for the present material, even if the extreme case with r = 1 is assumed, which entails    κ l  = 0  . For chemical potential dependence, EFF shows two peaks in Figure 8a at the n and p regions at ±0.5 eV, which correspond to the values where the thermal conductivity is zero (Figure 7b).



To ascertain the decoupling between conductivity and the Seebeck coefficient, the concentrations of electrons (left) and holes (right) depending on EFF have been determined (Figure 8b). Different temperatures (300, 500, and 800 K) were used to determine the EFF, and the results indicate that the EFF rises as the temperature rises. SnTiO3 exhibits a strong decoupling of electrical conductivity and the Seebeck coefficient at concentrations closer to 0 cm−1 (for both electrons and holes) [58,59]. This suggests that doping could be used to improve the material’s thermoelectric performance [60,61].





4. Conclusions


To learn more about the band-gap nature and associated optical and thermoelectric properties of SnTiO3, a Pb-free and Sn-based perovskite, we looked into it, based on the hybrid functional and density functional theories. According to band gaps calculated from HSE06 calculations, the energy gap for SnTiO3 is approximately 2.02 eV. The partial and total density-of-state data clearly show that SnTiO3 is a semiconductor since VBM and CBM are not spectrally overlapping, illustrating the contribution of different components (Sn, Ti, and O) of the crystalline structure. The current chalcogenides could be employed as transparent conducting materials, according to the estimated optical properties, especially the absorption/reflectivity spectra. The optical spectrum has helped to understand the range of applications by exploring the absorption, transmission and reflection coefficients versus energy. In the visible spectrum (2–2.75 eV), SnTiO3 is showing a growing absorption and less transmission.



We might be able to decrease their band gaps in the future for solar applications by taking flaws and appropriate doping into account. Furthermore, utilizing a DFT technique along with the Boltzmann theory, we looked at the thermoelectric characteristics of SnTiO3. The material’s Seebeck coefficient rises with temperature for every hole carrier concentration while showing temperature independence for electron carrier concentrations. Its conductivity drops steadily for the electrons and then increases as the carrier concentration rises; however, an unceasing increase for holes was seen as the carrier concentration rose at all temperatures.



The high EFF value indicates that SnTiO3 is a desirable thermoelectric material since it responds favorably to temperature rise and can have its performance improved in both n- and p-types through doping. The dopant that needs to be added will either make it more conductive or have a higher Seebeck coefficient. By substituting a portion of the composition of Sn or Ti in SnTiO3, one can inject an optimal hole into this semiconductor. At room temperature, the obtained ZT value is 0.34, and it rises as the temperature does. SnTiO3 will therefore work well in low- and medium-temperature thermoelectric applications.
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Figure 1. Crystal structure of cubic SnTiO3. 
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Figure 2. Electronic band structures of perovskite SnTiO3 as calculated with the GGA and HSE06 approaches. 
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Figure 3. Total and partial density of states as obtained with HSE06. 
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Figure 4. (a) Dielectric constant, imaginary and real parts. (b) Real and imaginary parts of optical conductivity spectra. (c) Refractive index  n  and extinction coefficient. All properties were calculated using HSE06. 
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Figure 5. Optical spectrum showing the transmission, reflection and absorption spectrum as calculated with HSE06. 
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Figure 6. The Seebeck coefficient and the Hall coefficient versus the chemical potential at room temperature. 
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Figure 7. (a) Electrical and carrier density as a function of chemical potential. (b) Thermal conductivity due to electrons transporting and electronic specific heat versus chemical potential at 300 K. 
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Figure 8. EFF (t) at the constant temperature versus (a) chemical potential. (b) The electrons (left) and holes (right) concentrations. 
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