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Abstract 

SnO2 has the potential to be an environmentally friendly thermoelectric material. To obtain the optimum properties of this 

material, strain engineering is used to investigate the electronic and thermoelectric properties. In this study, we used compressive 

and tensile strains with -5%, -2%, 0%, 2%, 5%, and 10% in three schemes; they are triaxial (𝜀𝑎𝑏𝑐), biaxial (𝜀𝑎𝑏), and uniaxial (𝜀𝑐) 

strains. All model structures are calculated based on density functional theory (DFT) with several exchange-correlation functionals. 

The presented results show that strain engineering enhances the Seebeck coefficient for a compressive strain parameter since the 

energy gap between the conduction and valence band increased due to the strong covalent bonding at the conduction band. From 

several comparisons in bandgap and thermoelectric properties calculation between PBEsol and PBE0, this study suggests that PBE0 

is effectively used to calculate the energy gap. Meanwhile, for thermoelectric properties, PBEsol gave the best-estimated value. In 

addition, this study explained that the largest or the smallest bandgap could be achieved by varying strain simply on the c-axis as 

the optimum manipulation of the SnO2 structure. Furthermore, this paper also revealed that the simulation strategy could be 

determined from the desired result, whether to enhance the Seebeck coefficient or the electrical conductivity by manipulating the 

ab-axis and the c-axis, respectively. 
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I. INTRODUCTION 

Tin dioxide (SnO2) is a wide-bandgap oxide material 

with an n-type semiconductor. SnO2 can be grown as a 

tetragonal rutile structure (P42/nmn), the most commonly 

available and stable among other structure types [1]. The 

properties of this material have led to being applied in 

several useful devices since tin dioxides exhibit a 3.6 eV 

bandgap [1]-[2], high conductivity, and optical 

transparency in the visible region [3]. By tuning the 

properties, SnO2 shows significant potential in the 

application of transparent conductors [4] and gas sensing 

technology [1], and recently SnO2 has been showing the 

possibility of being an environmentally friendly 

thermoelectric material due to its stability in high 

temperature [5]. 

Thermoelectric materials play an important role in 

determining efficiency and are quantified by the 

dimensionless figure of merit (ZT) [6]-[7], 

                                 𝑍𝑇 =
𝑆2𝜎𝑇

𝜅
=

𝑃𝐹

𝜅
                    (1) 

where S is the Seebeck coefficient which represents a 

significant ratio between the temperature gradient and 

generates electricity which is defined by 𝑆 = ∆𝑉/∆𝑇, σ 

is the electrical conductivity, T is an absolute 

temperature, PF is the power factor, and κ is the total 

thermal conductivity obtained from the lattice thermal 

conductivity (κL) and the electronic thermal conductivity 

(κe). To improve the ZT, based on (1), the thermoelectric 

materials should have high electrical conductivity and 

low thermal conductivity at the same time. Besides being 

a parent material, tin dioxide is used as a composite for 

other primary structure materials. Nugraha et al. did for 

Bi2Te3 as the main structure of the composite materials 

[8]. However, the large thermal conductivity in SnO2 still 

limits the performance of the thermopower with a value 

of around 40 Wm-1K-1 [9]. 

Several strategies have been carried out to overcome 

the limitation of the SnO2 materials. Bagheri et al. 

improved the Seebeck coefficient from -255 µV/K to p-

type 1850 µV/K at 350 K by doped SnO2 with 7.8% iron 

[10]. The enhancement of power factor and figure of 

merit obtained by doping SnO2 with Sb was studied by 

Rubenis et al. [11]. Moreover, nanostructuring was also 
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applied to improve the SnO2 performance; Kartika et al. 

and Delorme et al. could increase the Seebeck coefficient 

and lower thermal conductivity, respectively [12]-[13].  

The different synthesis process, which involves 

various parameters in SnO2, or other oxide materials, 

often results in the appearance of strains in the lattice 

parameter due to the changes in the crystal structure [14]. 

Moreover, since the band structure of semiconductors 

can be varied by the interatomic distances and atomic 

positions, it is commonly recognized that strain can affect 

the electronic structure of semiconductors [15] and 

improve their thermoelectric performances. Some works 

that applied strain parameters in their study are Absike et 

al. [16], who studied copper oxide and obtained 

enhancement in the Seebeck coefficient and carrier 

concentration. Meanwhile, through computation 

calculation, Kerrami et al. [5] showed improvement of 

the figure of merit of tin dioxide at high temperatures 

under strain towards a and b varied lattice constant. 

Computation modelling material is a reliable tool to 

examine the strain effect on the bandgap and the 

thermoelectric properties of tin dioxide through 

theoretical approximation. This work aims to 

characterize the structural, electronic, and thermoelectric 

properties of SnO2 using the density functional theory 

(DFT) [17]. The DFT is a low-cost, time-saving quantum 

mechanical theory to compute many physical 

characteristics of solids with high precision. In the DFT, 

the Schrödinger equation for many body systems is 

simplified to the Kohn-Sham equation [17], a single 

particle-independent Schrödinger equation that can be 

easily numerically solved. One of the keys to achieving 

chemical accuracy in the DFT is to expand the exchange 

correlation based on higher-density functional derivative, 

𝐸𝑥𝑐[𝜌, ∇𝜌, ∇
2𝜌]. Therefore, it is crucial to obtain a near-

accurate bandgap value; hence, several types of 

exchange-correlation parameters are used in this paper. 

They are generalized gradient approximation (GGA), 

meta-GGA, and hybrid exchange-correlation functional. 

The GGA exchange correlation is used in the form 

of the PBEsol functional, a modified version of the GGA 

Perdew-Burke-Ernzerhof (PBE) functional that is used 

specifically to generate lattice constants for solids [18]. 

The Gau-PBE or Gaussian attenuation PBE is the 

function used from the meta-GGA, this type of exchange-

correlation functional bridges between the expensive 

calculation in hybrid functional with simple GGA 

calculations by using a Gaussian attenuation scheme 

(Gau) to include a short-range Hartree-Fock (HF) 

exchange [19]. Increasing the exchange-correlation 

terms can attain better chemical accuracy. Therefore, the 

hybrid functional is employed in the thermoelectric 

properties’ calculation. The exchange correlation from 

the hybrid form is PBE0 [20] and Heyd-Scuseria-

Ernzerhof (HSE) [21]. PBE0 and HSE functionals 

involve the exact exchange calculation as an energy 

correction to ensure that the energy level is as close as 

possible to the experiment result. The difference between 

PBE0 and HSE lies in the hybrid ratio between the DFT 

and other approximations. PBE0 functional combines the 

PBE exchange energy and Hartree–Fock (HF) exchange 

energy in a ratio of 3:1 [20]; in contrast, the HSE 

exchange-correlation function calculates the exchange 

part of the energy using an error-function-screened 

Coulomb potential to improve computational efficiency 

[21].  

The highlight of this paper is to give strain variations 

towards the a, b, and c axis simultaneously (𝜀𝑎𝑏𝑐), biaxial 

strain towards the a and b axis (𝜀𝑎𝑏), and uniaxial strain 

towards the c-axis (𝜀𝑐), since the studies of strain effect 

in SnO2 are still limited, especially in the thermoelectric 

properties, it is quite thought-provoking to be discussed 

through theoretical approximation to shed some light on 

this area.  

II. METHODS 

The calculation was implemented using the 

Quantum ESPRESSO 7.0 [22] using the density functional 

theory (DFT) with projector augmented wave (PAW) 

pseudopotentials [23] to perform a self-consistent field 

(SCF) calculation.  The energy cut-off is set to be 

4.23669×102 Ry for the SCF calculation. In this study, all 

computations were performed using the SnO2 unit cell in 

a rutile crystal structure. The computational model of this 

study is shown in Figure 1, which represents the normal 

structure and strain directions. The positive and negative 

strains were applied using three schemes; they are strain 

in abc-axis direction (𝜀𝑎𝑏𝑐 ) for triaxial strain, ab-axis 

(𝜀𝑎𝑏) for biaxial strain, and c-axis alone (𝜀𝑐) for uniaxial 

strain. Then the optimum applied strain scheme was 

investigated to increase the bandgap and the 

thermoelectric properties. Strain variations for each 

scheme are -5%, -2%, 0%, 2%, 5%, and 10%. The detail 

of the model simulation is summarized in Table 1, where 

strain variation was applied for positive and negative 

treatment, representing tensile and compressive strain, 

respectively.     

All the unstrained and strained unit cell relaxation 

structures were performed in Perdew-Burke-Ernzerhof 

revised for solids (PBESol) as an exchange-correlation 

(XC) parameter. Then, the band structure calculation was 

performed in WANNIER90 [24] using the generalized 

gradient approximation (GGA), the meta-GGA, and the 

TABLE 1 
 A COMPUTATIONAL MODEL FOR TIN DIOXIDE SIMULATION 

Structure volume Model 

100% Stable structure 

95% 5% negative strain 

98% 2% negative strain 

102% 2% positive strain 

105% 5% positive strain 

110% 10% positive strain 

 

 
Figure 1. Ball and stick model on SnO2 simulation with strain 

variations. 
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hybrid functional with both k-point and q-point of 2×2×2. 

As mentioned before, four types of XC were used to find 

the best approximation for the SnO2 system:  the 

generalized gradient approximation (GGA) PBESol, the 

meta-GGA Gaussian attenuation PBE (Gau-PBE), PBE0, 

and Heyd-Scuseria-Ernzerhof (HSE) as the form of the 

hybrid exchange functional. These preliminary 

operations were used to ensure that the method for 

bandgap approximation in this work was as close as to 

the experiment result, which was somewhere around 3.4–

4.0 eV [1], [5]. 

After studying the basic structural stability and 

electronic properties of bulk SnO2, the Seebeck 

thermoelectric properties and electronic conductivity 

were obtained by solving the semi-classical Boltzmann 

equation transport, which was investigated using 

BOLTZWANN [25]. The thermoelectric properties 

calculation was carried out in a temperature range of 100 

to 800 K according to several experimental results that 

have been done previously. 

III. RESULTS AND DISCUSSIONS 

A. Bandgap Calculation 

Band structure calculation using PBEsol, gau-PBE, 

PBE0, and HSE exchange-correlation parameters are 

shown in Figure 2(a) - 2(d), respectively, and the 

bandgap values for each graph are shown in Table 2. As 

is observed, the minimum energy gap occurs in the 𝛤 and 

M directions, and the bandgap value derived from the 

four exchange-correlation factors discussed above 

clearly differs from one another. The PBEsol parameter 

gives the widest bandgap with a 2.99 eV discrepancy 

(𝐸𝑔𝑎𝑝
𝑥𝑐 − 𝐸𝑔𝑎𝑝

𝐸𝑥𝑝
) compared with the experimental value [5]. 

Meanwhile, the narrowest bandgap is shown by the PBE0 

hybrid functional, and it is set as an optimum exchange-

correlation parameter for bandgap calculation in SnO2 

with a 0.45 eV difference from the experimental result. A 

previous paper [26] assessing the structural calculation 

on transparent conducting oxide also used PBE0 

functional for SnO2 DFT calculation. Moreover, the 

calculation using PBE0 approximation has proven that 

the structural and bandgap data are in excellent 

agreement with experimental value and much improved 

from other hybrid exchange functionals that have been 

examined on SnO2, such as HSE06 [27]-[28].   

The default electron-exchange hybrid value for 

PBE0 is 25% in Quantum ESPRESSO, which needs to be 

investigated to achieve a better bandgap. The hybrid 

value is set with 5%, 25%, 50%, 75%, and 95% of 

exchange parameters. The result shown in Figure 3(a) 

depicts the linearity between the gap energy and the 

hybrid exchange factor, where the conduction band 

minimum (CBM) and valence band maximum (VBM) 

have different linearity tendencies. The Fermi energy, 

however, clearly stays closer to the conduction band than 

the VBM despite the change in the exchange parameter 

percentage value, indicating an n-type semiconductor. In 

order to determine the best hybrid exchange percentage, 

linear interpolation was used, and the results show that 

29% is the best approximation towards the experimental 

value, as shown in Figure 3(b). 

The unit cell structure of tin dioxide with several 

types of strain effect was carried out by including the 

atomic relaxation to make the calculation result nearly 

possible. The structure could only be relaxed by PBEsol 

due to the low cost of the calculation. Then the strain 

effects on the bandgap structure process were calculated 

using PBEsol for the relaxation process and PBE0 to 

generate the energy gap. In addition, bandgap 

calculations were also performed using PBEsol for 

comparison. 

 The effect of the uniaxial (𝜀𝑐), biaxial (𝜀𝑎𝑏), and 

triaxial strain (𝜀𝑎𝑏𝑐) on the lattice parameter are shown in 

Figure 4(a) for a and 𝑏  lattice parameters and Figure 4(b) 

 
Figure 2. Band structure of SnO2 using several exchange-

correlation parameters: (a) PBESol; (b) gau-PBE; (c) PBE0; and 

(d) HSE. 

 

TABLE 2 

THE BANDGAP FOR EACH EXCHANGE-CORRELATION WITH THE 

DIFFERENCE IN THE EXPERIMENT 

Exchange-correlation 

type 

𝑬𝒈𝒂𝒑 

(𝒆𝑽) 
|𝑬𝒈𝒂𝒑

𝒙𝒄 −𝑬𝒈𝒂𝒑
𝑬𝒙𝒑

| 

(𝒆𝑽) 
Exp. [5] 3.6 - 

GGA-PBESol 0.6025 2.9975 

Meta-GGA gau-PBE 2.7242 0.8758 

Hybrid PBE0 3.1440 0.4560 

Hybrid HSE 2.3829 1.2171 

 

 
Figure 3. Effect of hybrid exact exchange percent to (a) valence 

band maximum, conduction band minimum and Fermi level; (b) 

energy gap compared to experiment. 

 
Figure 4. The effect of 𝜀𝑎𝑏𝑐, 𝜀𝑎𝑏, and 𝜀𝑐 strain to (a) a and b 

lattice parameters; (b) c lattice parameters in SnO2. 
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for the c lattice parameter. The given graphs show that 

the 𝑎, 𝑏, and 𝑐 axis of 𝜀𝑎𝑏𝑐 have a positive slope due to 

strain. Meanwhile, the effect of the 𝜀𝑎𝑏  and 𝜀𝑐  strain 

shows constant behavior on the c-axis and ab-axis, 

respectively. The figures represent all the strain schemes 

in this paper. 

The effect of each strain on the band structure 

evolution is shown in Figure 5(a) in PBESol exchange-

correlation and 5(b) in PBE0 form. Both figures depict 

the decreasing linear behavior in both PBEsol and PBE0 

exchange-correlation parameters. Overall, the 𝜀𝑎𝑏 and 𝜀𝑐 
axis behave similarly to the triaxial computation, with the 

energy gap value decreasing as the lattice volume 

increases. The bandgap result calculation using PBE0 

describes the semiconductor behavior on both positive 

and negative strains, where the positive strain reduces the 

energy gap, and the negative strain increases the bandgap. 

Then, the energy gap calculation using PBEsol shows 

semiconductor behavior; however, when the applied 

strain is more than 5%, the system shifts to conductor 

behavior due to the line passing through the Fermi energy 

and resulting in gapless between VBM and CBM. 

This bandgap result is in good agreement with 

Kerrami et al. [5] and Zhou et al. [15] since the 

relationship between strain to the bandgap is strongly 

influenced by the covalent bonding interaction between 

Sn-O in the conduction band. The study that has been 

done before explained that the hybridization interaction 

in the conduction band becomes shorter when a 

compressive strain is employed [5]. The increase in the 

energy gap is defined by the fact that as more 

compressive strain is added to the system, the charge 

distribution at Sn sites will likewise grow due to the 

charge transfer from O to Sn. Under the tensile strain, the 

conduction band shifts down due to the sensitivity to 

strain. In contrast, the valence band remains almost 

constant, leading to the energy gap deduction. 

Each strain axis direction has a bandgap slope, as 

shown in Figure 5, where the results are different from 

each other, thus indicating how easily the bandgap is 

manipulated by strain. A linear regression relationship in 

(2) can be used to calculate the slope between the 

bandgap and the strain. 

                                 𝐸𝑔𝑎𝑝,𝑃𝐵𝐸0
𝑆𝑛𝑂2 = 𝛾𝜀 + 𝜒                    (2) 

where 𝛾 is the slope, 𝜀 is the strain, and 𝜒 is the intercept.  

The slope and intercept calculation using (2) results 

are presented in Table 3. The uniaxial strain shows the 

highest slope value with −0.40, followed by the triaxial 

and biaxial strains. The higher the slope value, the more 

reactive the system is to the strain changes. This study 

revealed that the largest or the smallest bandgap could be 

achieved by varying strain simply on the c-axis as the 

optimum manipulation of the SnO2 structure. 

Further explanation about the strain effects on the 

band structure is illustrated in Figure 6(a), (b), and (c) for 

𝜀𝑎𝑏𝑐 , 𝜀𝑎𝑏 , and 𝜀𝑐 , respectively. The band structure was 

investigated in the range 𝑀 − Γ − 𝑍  magnitude, where 

the gap occurs between those directions. All the bandgap 

results for each strain variation show that the minimum 

bandgap is in the Γ direction and keep the same direct 

behavior. Overall, the calculation result describes that the 

effect of the strain does not change the shape of the 

valence and conduction bands, only slightly pushing the 

band downwards as the strain increases. The effect of the 

strain for more than 5% using PBEsol functional can be 

seen in each picture in Figure 6. The result shows that the 

CBM and the VBM for 5% applied strain still have a very 

narrow bandgap with 0.05 eV and nearly touch conductor 

behavior. Meanwhile, the 10% applied strain shows an 

overlapping CBM and VBM, indicating that the system 

shifts to conductor behavior. It can be concluded that 

PBE0 results are shown since the result gives a better 

prediction compared to PBEsol on energy structure. 

 
Figure 5. Effect of strain axis direction to bandgap evolution for 

(a) PBEsol; (b) PBE0 exchange-correlation for each strain 

scheme. 

TABLE 3  

THE SLOPE AND INTERCEPT RESULT FOR EACH STRAIN SCHEME 

Axis directions Slope (𝜸) Intercept (𝝌) 
𝜀𝑎𝑏𝑐 -0.34 4.56 

𝜀𝑎𝑏 -0.25 4.34 

𝜀𝑐 -0.40 4.74 

 

 

 

 
Figure 6. Bandgap structure of SnO2 in three schemes strain 

employment: (a) 𝜀𝑎𝑏𝑐; (b) 𝜀𝑎𝑏; and (c) 𝜀𝑐. 
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B. Thermoelectric Properties 

The thermoelectric properties for all axis and strain 

variations of SnO2 were calculated using both PBEsol 

and PBE0 functional in BOLTZWANN. The calculation 

results were then compared to the experimental values 

obtained by [5], [12], [29]. The Seebeck coefficient 

calculation results using PBEsol and PBE0 functional for 

several strain variations are depicted in Figure 7 at 100– 

800 K. Generally, the Seebeck coefficient value shows 

that SnO2 under all strain variations has an n-type 

semiconductor. However, the Seebeck coefficient 

calculation using PBE0 functional has a striking 

difference compared to the PBEsol. The remarkable 

behavior occurs below 400 K, where all the Seebeck 

coefficients remain constant at −3100 µV/K, and then the 

line rises after 400 K, as shown in Figure 7(a) – (c). The 

strong correlation effect between d- orbital from tin atom 

and p-orbital from oxygen causes the experimental value 

is difficult to be replicated using both PBEsol and PBE0. 

Hence, the Seebeck coefficient behavior investigation 

continues with less accuracy. The comparison between 

the Seebeck coefficient obtained using PBEsol functional 

calculation and the experimental results that have been 

done before are shown in Figure 7(d). The data from 

Kartika et al. [12] were rescaled by 0.5 to fit in the 

graphic range because the magnitude is too great; 

however, this was done to make the explanation more 

understandable.  

Overall, the Seebeck coefficient calculation has a 

similar pattern to all the experimental results where the 

Seebeck coefficient value reduced along with 

temperature increment. The Seebeck coefficient for the 

compressive strain variations increased at a specific 

temperature. Meanwhile, the tensile strain variations 

decrease the Seebeck coefficient at the same temperature. 

This study identified the Seebeck coefficient result 

comparison between PBEsol and PBE0 calculation, 

describing that PBEsol gave a better prediction than 

PBE0 to the experimental value. 

The electrical conductivity calculation of SnO2 

structure with tensile and compressive strains variations 

on triaxial directions is presented in Figure 8 for both 

PBEsol and PBE0 functional. Since the results for the 

uniaxial, biaxial, and triaxial directions exhibit 

comparable behavior, the triaxial strains were taken in 

order to compare the experimental results.  In general, for 

both PBEsol and PBE0 calculation, the increasing 

temperature in the systems increases the electrical 

conductivity exponentially. However, the exact value for 

PBE0 is much lower than the PBEsol calculation result, 

about 10-8:1 S/m magnitude. To ensure the validation of 

the calculation, the results are then compared with the 

electrical conductivity from the experimental result 

carried out by Paulson et al. [3]. The comparison is 

shown in Figure 8(a), where the experimental value is 

multiplied by 103 to make it easier to compare. From the 

presented figure, the behavior between the experimental 

value and PBEsol calculation shows similar tendencies 

rather than using the PBE0 calculation. Figure 8(b) 

describes a similar behavior with the Seebeck coefficient 

calculation with the PBE0 hybrid exchange parameter, 

where the electrical conductivity below 600 K remained 

constant and started to rise with a relatively small 

increment compared to PBEsol. 

 
   (a)                               (b) 

                     
                          (c)                                    (d) 

Figure 7. Seebeck coefficient calculation results for (a) triaxial axis; (b) comparison between the triaxial axis and experimental references 

value; (c). biaxial axis; (d) uniaxial axis. 
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 In general, the tensile strain is more influential in 

enhancing electrical conductivity than the compressive 

strain. However, the results show the opposite when 

applied to the Seebeck coefficient calculation, where the 

tensile strain reduces the Seebeck value. The reduction of 

the Seebeck coefficient occurs due to the strongly 

correlated to the change of bandgap [30]-[31]. 

Further explanations about the tensile strain effect in 

this paper are summarized in Figure 9(a) for the Seebeck 

coefficient and 9(b) for the electrical conductivity 

calculation in +2% simulation. The figure depicts the 

order value from the highest to the lowest of the Seebeck 

coefficient and electrical conductivity for each scheme. 

The sequence of the Seebeck coefficient from the highest 

to the lowest is biaxial, triaxial, and uniaxial, whereas for 

electrical conductivity is the opposite, uniaxial, triaxial, 

then biaxial. This result also revealed that the simulation 

strategy could be determined from the desired result. For 

instance, to enhance the Seebeck coefficient, then the 

simulation can be done by manipulating the structure in 

the ab-axis direction, whereas using the structure in the 

c-axis during calculation will result in improved 

electrical conductivity. 

IV. CONCLUSION 

In conclusion, this paper studied the effect of 

compressive and tensile strains in uniaxial, biaxial, and 

triaxial directions on the electronic structure and 

thermoelectric properties using first-principal 

calculations. Comparison between PBEsol and PBE0 

hybrid functional reveals that PBE0 gives the best 

estimation in SnO2 bandgap structures. However, for 

thermoelectric properties prediction, PBEsol instead 

gives the best performance. The strains engineering 

shows enhancement in the Seebeck coefficient for 2% 

and 5% compressive strain followed by a reduction in the 

electrical conductivity due to the change of the bandgap 

value. Strains application shows effectiveness when 

varying in uniaxial towards the c-axis since the results 

describe that the bandgap has more noticeable changes 

than other directions strain schemes. Furthermore, this 

study also highlighted that the strain manipulation could 

be deduced from the desired outcome. For example, 

changing structure in the ab-axis direction during 

simulation will increase the Seebeck coefficient, whereas 

using the structure in the c-axis during calculation will 

result in improved electrical conductivity. 
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