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Abstract 

In recent years, tin sulfide (SnS) has emerged as a promising alternative to conventional CIGS 
and CZTC solar cells because of the suitable electronic properties. Despite the rapid 
development of SnS in solar cells application, the performance of the devices based on is still 
low. One of the reasons is poorly understood properties of the material. The goal of this work the 
is a study of electronic structure using theoretical approaches. We studied the electronic 
properties of SnS using several exchange-correlation functionals such as LDA, PBE, and HSE06. 
The large variation of bandgap appears in previous theoretical reports as well as in this work. We 
have supposed that the variation is related to an appeared excessive hydrostatic pressure due to 
using not sufficiently relaxed lattice parameters. The analysis shows that HSE06 functional has 
the best match with experimentally obtained valence band spectra from XPS measurements. 
However, besides underestimation of bandgap, LDA shows the satisfactory agreement with 
valence band XPS spectrum . 

 

Keywords: tin sulfide, first-principles calculations, ab-initio modelling, electronic structure, 
LDA, PBE, HSE06.



Introduction 

Technologies of solar cells are the rapidly growing field recently. Great effort has been 

made in the developing of new concepts and design of devices, but the major challenge is a 

correct selection of device materials in order to achieve a high energy conversion and cost 

efficiency. For this reason, the main attention is given to the development and improvement of 

new materials for solar cells application. As a result, four generations of solar cells based on 

different materials and production technologies have been developed already. Thinfilm solar 

cells are related to the second generation solar cells, that provides low cost of a device due to 

lower material consumption. Recently developed Cu( In,Ga)Se2 (CIGS) and Cu2(ZnSn)(SSe)4 

(CZTS) are the best known thinfilm materials at the moment. These materials have a reported 

efficiency of about 18 % that is still less than performance of best market solar cells. Moreover, 

there are number of shortcomings of these thinfilm materials such as a lack of production 

stability, the expensive composed materials, and toxicity, which prevent increasing an efficiency 

and producing it on a market scale. Though there is an active research interest, new 

breakthroughs are still under way, according to the published data. 

Recently, tin sulfide has been proposed as one of the promising absorbance materials in 

thin film technologies due to its suitable properties such as absorption coefficient above 104 cm-1, 

high carrier mobility, p- or n-type of conductivity [1]  and the bandgap 1.1-1.4 eV close to 

optimal value [2]. In distinction from mentioned above materials, tin sulfide possesses such 

properties as nontoxicity, low cost, and production stability. SnS has a high theoretically 

predicted efficiency above 20%, but at the moment the experimentally achieved one is only 4.36 

% [3] [4]. The reason of low achieved efficiency is unclear, probably, due to poorly understood 

nature of the material. There are a lot of studies carried out in that respect, but still underexplored 

properties such as the generation-recombination processes of charge carriers, defects, and 

impurities behavior, doping parameters, the interface effects, and the undeveloped fabrication 

methods hinder to develop an improved device [2]. 

The combination of theoretical modelling and experiments is an efficient approach to 

achieve comprehensive understanding of the material features and decreasing the research 

expenses at the same time. One of the most advanced methods of modeling is Density Functional 

Theory (DFT) based method, which allows describing electronic and optical properties. Even 

though, DFT is a powerful tool in computational physics, the method has some limitations and 

restrictions. In fact, conventional DFT has a problem of the bandgap underestimation that 

prevents producing an accurate prediction of materials properties. In order to overcome the 

bandgap underestimation problem some other approaches has been produced, such as hybrid 

functional based method [14] and many-body perturbation method GW [15]. SnS has been the 



subject of theoretical studies by using all of the mentioned. For example, the electronic structures 

have  been carried out previously in the literature [5-11] using Local Density Approximation 

(LDA) [12], General Gradient Approximation (GGA) [13], hybrid functionals [14] and many-

body perturbation theory GW [15]. Analysis of the literature data shows that calculated bandgap 

values have a large variation from 0.26 to 1.26 eV, whereas experimentally measured values 

vary in the interval of 1.1-1.4 eV [2]. Moreover, the variation of bandgap appears in values 

calculated within the same exchange-correlation functional, in spite of the fact that results within 

the same functional should coincide in the range of error. For instance, according to the reported 

data [7,10,27], obtained based on LDA bandgap varies from 0.26 eV to 0.72 eV from paper to 

paper. Having in mind the final goal of the study and importance of defect physics for any of 

opto-electronic devices, we should be able to describe defect properties with a certain level of 

accuracy. In this respect, we must be confident about the accuracy of the basic electronic 

properties calculation and respectively make an appropriate choice ща exchange-correlation 

functional with understanding of any source of errors. That is why, this paper is dedicated to the 

systematic study of the applicability of LDA, PBE and hybrid functional to electronic properties 

calculations in order to choose the best one and clarify the reason of bandgap variation. 

 

2. Computational details  

This work is divided in two steps: the first is to check the most energetically favored 

polymorph of SnS and the second one is to calculate the electronic properties of selected 

polymorph using several exchange-correlation functionals. The calculations have been 

performed using The Vienna Ab-initio Simulation Package (VASP) [16]. In the first step, we 

considered several polymorphic modifications of SnS of different space groups: CmCm, C2mb, 

Fm-3m, Pnma, in order to theoretically verify the most energetically favored one. For full 

structure optimization of all polymorphic modifications has been used the generalized gradient 

approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) [13] exchange-correlation functional 

together with the projector-augmented waves (PAW) [17] method. The optimal plane wave 

cutoff energy, k-points mesh has been chosen based on performed total energy convergence test.  

Furthermore, the structural optimization was performed for the chosen polymorph with 

Pnma space group containing 8 atoms in unit cell. As the second step, several exchange-

correlation functionals and methods has been used for the electronic properties calculations. We 

have used LDA [12] and PBE [13] exchange-correlation functionals in the frame of conventional 

DFT. The optimal parameters for each of the functional were chosen as 2x3x3 k-point sampling 

and 600 eV cutoff energy, according to the performed total energy convergence test. Total 

energy dependence on the set of k-points is shown in Fig.1.  



 
Fig. 1 - Dependence of total energy on k-points set 

Knowing that, conventional DFT usually underestimates a bandgap of semiconductors 

[18], we have also used hybrid functional in a form proposed by Heyd-Scuseria-Ernzerhof 

(HSE06) [19], which includes a fraction of exact exchange (Hartree-Fock) and correlation terms. 

In the hybrid functional, the following range separation and mixing parameters of 0.2 Å-1 and 

0.25, respectively, were used.  

 

3. Results and discussion 

3.1 Structural properties 

SnS crystallizes into several phases and polymorphs. Phase transition between these structural 

arrangements can take place relatively easy because of the variable valency. Basic polymorphs 

have structures with Cmcm, C2mb, Fm-3m, Pnma space groups [20].Whereas, the orthorhombic 

phase of SnS with Pnma space group is found as one which exists in normal conditions [20] [21]. 

To reveal the most energetically favored polymorph, we performed structural 

optimization for each modification. The studied polymorphs are schematically presented in Fig. 

2. 
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Fig.2 Polymorphs of SnS with different space group, where  

(a) C2mb, (b) Cmcm, (c) Fm-3m, and (d) Pnma 

The calculated total energy, equilibrium lattice parameters and volume for each of the 

considered polymorph are summarized in Table I and II. According to the Table I, polymorph 

Cmcm has the highest energy per pair of atoms -6.42 eV, while polymorph with Pnma space 

group has the lowest energy per pair of atoms -10.06 eV, meaning that Pnma is the most 

energetically favored structural modification. These results are consistent with those of Refs. 

[22] and [8]. Based on this result, all further calculations were performed using this polymorphic 

modification with Pnma space group. 

Table I. – Calculated total energy for the polymorphs of SnS.  

 Energy per atom, eV C2mb Cmcm F43m Pnma 

ESn-S -9.74 -6.42 -9.80 -10.06 

 

 Values of total energy, and relaxed equilibrium lattice parameters of Pnma polymorph 

calculated with LDA, PBE, and HSE06 functionals, in comparison to experimental data from 

[23] are collected in Table II.  

Table II. – Calculated total energy, calculated and experimental lattice parameters, volume for 

the Pnma  polymorph 

 LDA PBE HSE06 Exp.a 

ESn-S, eV -10.39 -10.06 -12.40 - 

Lattice parameters, 
Å 

a 10.96 11.51 11.33 11.20 

b 3.95 4.04 4.04 3.90 

(a) (b) (c) (d) 



c 4.20 4.30 4.36 4.30 

V, Å3  181.89 199.95 199.42 193.53 

aExperimental data of Ref. [23] 

Well known, that LDA usually underestimates values of lattice parameters compare to the 

experimentally measured once, while PBE and HSE06 overestimates the lattice constants. Result 

in that LDA provides strong binding in opposite to PBE and HSE06, which provide soft binding. 

In our case, an analysis of the obtained data from Table II shows that calculated values strongly 

depend on the functional were used. At that, LDA underestimates the volume by 6 % compare to 

experimental data, while PBE and HSE06 overestimate the volume by 3 %  meaning that 

calculated data consist with mentioned trends. 

 

3.2 Electronic properties of SnS using LDA  

This section is devoted to describe the results of bandstructure obtained with LDA 

functional. In Figure 3 one can see the bandstructure and Density of States (DOS) of bulk SnS. 

The valence band maximum (VBM) is located near Z point, while the minimum of conduction 

band (CBM) is near Г point. Obtained bandstructure corresponds to indirect bandgap. It is in an 

agreement with earlier reported theoretical data [6, 9] as well as some experimentally measured 

results [24]. However, it should be noted that there are some experimental works showing a 

direct bandgap in SnS, such as, for instance, photospectroscopy measurements in [3, 25, 26] 

As we can see from the partial density of states, the major contribution to the valence 

band comes from s and p electrons, while the major contribution to the conduction band can be 

ascribed to p electrons. [3] 

The bandgap, obtained as the difference between CBM and VBM, gives the value of 0.45 

eV, while the experimentally measured one varies within the interval of 1.1-1.4 eV [2]. The 

underestimation of the bandgap is equal to 59 %. 



 

The comparison with the literature data shows that, the calculated in this work bandgap is 

in an agreement with another LDA study [7] giving the value of 0.4 eV, but do not match to 

some other works  [10, 27]. Putting all the data together (see Table III) one can see that even if 

the same functional is used the bandgap value varies substantially.  

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 The band structure and DOS SnS calculated by LDA  functional 



Table III. –Bandgap, lattice parameters from recent LDA calculations 

Eg, eV 
Lattice 

const., Å 

Volume, 

Å3 

Equilibriuma/

Experimentalb Software Reference 

0.45 

10.96 

3.95 

4.20 

181.89 Relax. VASP This work 

0.26 

11.14 

4.31, 

3.96 

190.21 Relax. SIESTA [27] 

0.40 

10.91, 

3.88, 

4.27 

180.75 Relax. Quantum Espresso [7] 

0.58 

11.12, 

3.95, 

4.24 

186.24 Relax. GPAW [10] 

0.72 

11.20, 

3.99, 

4.33 

193.53 Exp. Quantum Espresso [7] 

aEquilibrium means that  
bExperimental means that in calculations were used experimental lattice constants 

In fact, the values vary from 0.26 eV to 0.72 eV. Clearly, the calculated bandgaps using 

the same functional should not make any significant difference therebetween. We assume that a 

wide variation of bandgap is related to distinct lattice parameters, which were used in the 

calculations. Indeed, a calculation, which was performed using experimental lattice parameters 

shows a bigger bandgap than the results obtained using the same exchange-correlation functional 

but with equilibrium lattice parameters (see Table III). In order to check if our assumption 

correct or not, we have performed a calculation of bandgap with LDA functional using different 

lattice volumes of SnS cell from 181.9 to 199.8 Å3. The bandgap dependence on the volume of 

the unit cell is shown in Figure 4. The several calculated bandgap values from other works are 

marked on the graph using square dots. Our calculated bandgap using equilibrium LDA lattice 

parameters is marked by a triangle. 



Fig.4 The calculated bandgap dependence on the volume of cell in comparison to   a calculated 

data of Ref. [7] and  b calculated data of Ref. [10] 

  

As we can see from Fig.4, there is a linear dependence with a strong correlation between 

the value of bandgap and used volume of the unit cell. As the used volume increases, the 

calculated bandgap also increases. It is apparent that the previously published values of bandgap 

fit obtained straight line and concur within an error with our calculations. The reported values 

from [7] are equal to 0.4 and 0.72 eV, whereas our obtained results are 0.45 and 0.7 eV using the 

very similar lattice parameters. Furthermore, the value of  bandgap from [10] is equal to 0.58 and 

close to our calculated result 0.6 eV, which is obtained using the same lattice parameters. The 

correlation between bandgap and lattice parameters of a material could be explained as an effect 

of tensile/compressive hydrostatic pressure, which appears under chosen conditions. The 

appearance of excessive pressure is related to using of not relaxed lattice parameters. The relaxed 

parameters are the equilibrium parameters, whereby structure has a normal pressure. Therefore, 

an excessive internal or external pressure appears from changing or insufficient relaxation of 

lattice parameters. This coincides with first principles calculations of bandgap dependence on the 

excessive pressure in SnS, which was reported at work [28]. The study shows decreasing of 

bandgap from 0.69 eV to 0 eV, with increasing of compressive pressure. Therefore, the wide 

variance of bandgap can be suggested to be explained by internal pressure which arises from 

insufficiently accurately chosen lattice parameters used in calculations. 

 



3.3 Electronic properties of SnS using PBE 

Electronic properties calculated based on PBE are slightly different compared to that of 

LDA calculations.  The resulted bandstructure and DOS are shown in Fig. 5. As can be seen in 

Figure for PBE case, VBM is located near Z k-point, while CBM is near Y point as different to 

that LDA calculations. Nonetheless, PBE similar to LDA gives an indirect bandgap. 

The partial density of states shows that the major contributors to the valence band comes 

from  s and partly p electrons, while p electrons and partly s electrons are the major contributors 

to conduction band.  The partial density of states has different features close to the edges of 

bandgap, which mostly corresponds to a shift of peaks compare to LDA case.  

 

Bandgap using PBE functional is larger than value from LDA by 0.15 eV but still 

underestimated and equal 0.6 eV, which is lower than experimental values 1.1-1.4 eV [2]. Table 

IV shows the bandgap, lattice parameters, which were obtained by PBE exchange-correlation 

functional from recent theoretical works as well as used software. The underestimation of the 

bandgap is equal to 45 %. 

 

 

 

 
Fig. 5 The band structure and  DOS of SnS calculated by PBE functional 



Table IV. – Bandgap, lattice parameters from recent PBE calculations 

Eg, eV Lattice 

const., Å 

Volume, 

Å3 

Relaxed/ 

Experimental 

Code Reference 

0.60 11.51, 

4.04, 

4.30 

199.95 Relax. VASP This work 

0.69 11.20, 

3.99, 

4.33 

193.53 Exp. ABINIT [28] 

0.75 11.55 - - VASP [6] 

0.90 11.42,  

4.03, 

4.41 

202.83 Relax. VASP [9] 

1.05 11.20, 

3.99, 

4.33 

193.53 Exp. WIEN2K [11] 

  

According to the data shown in Table IV, reported bandgap values change from paper to 

paper.  The lowest calculated value using PBE was reported in [28] and equal to 0.69 eV, that is 

close to our calculated bandgap – 0.60 eV. The highest calculated bandgap is reported in [11] 

and equal to 1.05 eV. The same correlation as found in case of LDA between bandgap and lattice 

constants from the systematic analysis has not been detected. Therefore, we performed the 

calculation of bandgap based on PBE functional using different volume (Fig. 6). As one can see 

from Fig. 6, it is not clear that the calculated values of bandgap have a linear dependence on the 

used volume of unit cell compare to the same provided by LDA calculation because of the slight 

change of bandgap depending of the volume. However, there is a trend, which gives following 

results: the data from using an experimental unit cell volume (193.53 Å3) shows the lowest value 

of bandgap equal to 0.50 eV, whereas increasing of unit cell volume up to 200.83 Å3 gives the 

highest bandgap equal to 0.68 eV. The obtained trend suggests the same bandgap dependence on 

the volume of unit cell through the excessive tensile/ compressive hydrostatic pressures, as it was 

established in the previous section. 



 
Fig. 6 The calculated based on PBE bandgap dependence on the volume of cell 

 

3.4 Electronic properties of SnS using HSE06 

The bandstructure from hybrid functional calculation (Fig. 7) shows that bandgap 

increased up to 1.1 eV without significant change in location of the band edges in reciprocal 

space compare to the LDA and PBE. It is in an agreement with reported values using hybrid 

functional [5] and experimental measurements 1.1-1.4 eV [2].  
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We performed a full relaxation of lattice using HSE06 functional instead of using before-

relaxed parameters from PBE. It should be noted, equilibrium constants obtained by HSE06 are 

significantly different from LDA and PBE calculations and using of relevant constants increases 

an accuracy of the calculation. 

Our calculated bandgap value from HSE06 functional and reported once from other 

published data are collected in Table V. The obtained in this work bandgap is in an agreement 

with previously reported value, which is calculated by HSE06 [5]. As shown in Table V, the 

used lattice volume in our calculation is significantly larger than used one in the previous 

publication [5], but obtained bandgaps have a very small difference equal to 0.01 eV. Compared 

to mentioned above results, bandgap from HSE06 coincide with previously calculated one 

despite bandgap dependence on the volume of the used unit cell. 

 

 

 

 

 

 

 
Fig. 7 The band structure and  DOS of SnS calculated by HSE06 



Table V. – Bandgap, lattice parameters from recent HSE06 calculations  

 Eg, eV Lattice 

const., Å 

Volume Relaxed/ 

Experimental 

Code Reference 

HSE06 1.10 11.33, 

4.04,  

4.36 

199.42 Relax. VASP This work 

1.11 11.20, 

3.99, 

4.33 

193.53 Exp. VASP [5] 

 

3.5 Comparison of the LDA, PBE, HSE06 functionals 

In this section, we discuss a difference between obtained results from LDA, PBE, HSE06 

functionals. As we discussed in previous sections, calculated bandgaps vary from 0.45 eV to 

1.10 eV (Table V) depending on the used exchange-correlation functional. The obtained results 

are predictable according to well known fact – LDA underestimates bandgap on about of 60 

percent, PBE underestimates bandgap on about 40 percent and HSE06 gives the best fit to 

experimental data. 

Table V. – Summary of obtained bandgaps using different methods 

Functional Eg, eV Experimental Eg, eV 
LDA 0.40 

1.1-1.4a PBE 0.60 

HSE06 1.10 
aData of Ref.[2] 

To take a step closer to understanding the problem, let’s consider next a short overview 

of the limitations of each method.  LDA and PBE functionals are related to semi-local 

functionals, where the exchange correlation energy is given by a function depending on the 

electron density and derivative of electron density at each point of space. It is assumed that, the 

main contribution to the occurring errors in the semi-local functionals is given by the self-

interaction. Self-interaction appears cause of the discontinuities, which are related to energy 

dependence on the electron density [29]. Whereas, the hybrid functional HSE06 is given by 

mixing of exact part of Hartree-Fock energy and PBE for a certain range. This approach allows 

partly removing the self-interaction and including a nondynamic correlation that improves a 

calculated bandgap up to the experimentally obtained value. The basic difference between 

functionals also could be seen from how they describe electronic structure besides bandgap. The 



following part of the section is dedicated to consideration of deep levels in density of states 

depending on used exchange-correlation functional 

Considering of deep levels in electronic structure shows that the bandstructures from each 

of functional have different features. PDOS within an interval of energy -9 to -4 eV is shown in 

Fig.8. The location and intensity of deep levels in obtained by LDA partial density of states is 

different compare to PBE and very similar compare to HSE06 functionals. Comparison of DOS 

spectra obtained from LDA and HSE06 functionals show that the location of peaks coincide with 

each other as well that major contributors within energy interval from -9 to -6 eV are s electrons 

in both. However, the peak shape and location is becoming different within the interval from -6 

to -5 eV, while the major contributors are p and s electrons in both. In the case of PBE, DOS 

spectrum has an significant upward shift compared to LDA and HSE06. PBE functional provides 

that the major contributors within the interval from -9 to -5 eV are s electrons, though  the 

contributors within the interval from -5 to -4 eV are p electrons.  
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Fig. 8 Tin sulfide’s theoretical partial density of states obtained from LDA– (a), PBE – (b) and 

HSE06 – (с) 

If to compare the calculated DOS spectra of SnS with experimental data in order to 

consider the best match, then one can see in Fig. 9 the convolved DOS curves of the tin sulfide, 

together with experimentally measured valence band spectra, obtained from XPS measurements 

[30].  

DOS from PBE calculations less coincide with XPS data, than DOS from LDA and 

HSE06. As we can see from Fig.9 (a) DOS from PBE has a shift compared to XPS data. 

Consequently, the location of peaks from PBE is a mismatch to the XPS data.  
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Fig. 9 – Calculated by PBE (a), LDA (b), HSE06 (c) and measured valence-band spectra of SnS 

a Data of Ref. [30] 

 

 Despite the underestimation of bandgap, convolved LDA spectra Fig.9 (b) shows 

sufficient conjunction with experimental XPS of the valence band. There is a small shifting of 

the peak near to VBM. Whereas, spectra from HSE06 shows an agreement with XPS along all 

energies. The slight discrepancy of intensity appears in both. The comparison shows that DOS 

from PBE functional less fits experimental data, while LDA functional describes valence band 

better and gives spectra almost similar to that from HSE06. 

 

Conclusions  

In summary, we have studied different polymorphic modifications of tin sulfide with 

Cmcm, C2mb, Fm-3m, Pnma space groups, by first-principles calculations. Based on this study 

we have found that polymorph Pnma has the lowest energy compared to the other considered. 

We have calculated electronic properties such as bandstructure and density of states by several 

approaches (LDA, PBE, HSE06). Estimated bandgaps of SnS are 0.45 eV, 0.60 eV, and 1.10 eV 

respectively. The systematic analysis shows that the bandgap variation within one exchange-

correlation functional is resulted from the appearance of a tensile/compressive hydrostatic 

pressure through using the nonequilibrium lattice parameters for calculation. The study of three 

functional applicability shows that the best reasonable functional, which sufficiently describes 
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bandstructure and DOS as well as bandgap is HSE06 exchange-correlation functional. However, 

even though less energy-consuming LDA underestimates the bandgap, the DOS spectrum from 

LDA functional is in agreement with experimentally measured XPS spectrum, which is similar 

to that of HSE06 and much better than General Gradient Approximation, PBE.  
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