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ABSTRACT  

Research on perovskite solar cells employing tin to replace or partially replace lead is becoming more popular because of the 

recent achievement of about 24.2% conversion efficiency for ecologically benign mixed Pb-Sn perovskite solar cells. However, a 

smaller effect on cohesive energies caused by the addition of a Sn metal has a considerable effect on thermodynamic properties of 

Pb-Sn perovskites under high-temperature effects. This paper investigates the role of formamidinium in the electronic and 

thermodynamic properties of MA(Pb: Sn)I3 perovskite alloy using density functional theory and CASTEP analysis through the 

Materials Studio. The intended A-cation perovskites have typical compounds FAxMA1-xSn0.5Pb0.5I3, where x=0, 0.2, 0.4 and 0.6. 

The control and FA-based perovskites were computed through CASTEP analysis from Material studio to determine the electronic 

and thermodynamic properties. The findings revealed an improved thermodynamic properties of FA added perovskites compared 

to control ones whereby no significant effect was found in band gap of MAPb0.5Sn0.5I3 perovskite due to addition of 

formamidinium. However, when x is above 0.5, the quality of the perovskite films declined, with a wide grain size dispersion and 

little crystallization as well as the phase impurities were detected. This necessitated a theoretical approach to achieve an optimum 

amount of FA additive required to improve the properties as well as providing a theoretical guidance for improving the properties 

of perovskite materials before carrying out experiments. Furthermore, the study predicts that it is possible to create a stable 

thermal MA(Pb: Sn)I3 alloy, if there is a well-thought-out design, which lays a foundation for the development and application of 

tin-lead mixed perovskite devices.  

Keywords: Density Functional Theory, CASTEP software, Formamidinium, Pb-Sn Perovskite Solar Cells, Material studio, 

Thermodynamic property. 

________________________________________________________________________________________________________ 

1. INTRODUCTION  

Scientists' interest in the fast development of metal halide perovskites (MHP) as a cheap photovoltaic material has been sparked 

by the impending scarcity of electricity from conventional fossil fuels [1]. MHP based on lead iodide (PbI2) and 

methylammonium (MA) has impressively achieved a 25.7% efficiency in lighting conversion devices [2,3] and a 24.2% [4] for a 

mixed Pb-Sn perovskite solar cells, laying the groundwork for future photovoltaic performance enhancements.  

 

However, several issues remain, such as thermal instability, which necessitates a more profound knowledge of the chemical and 

structural properties associated with perovskite solar cell efficiency [5]. The thermal stability of the absorption layer has been 

improved by a variety of analyses carried out by researchers utilizing first-principles calculations [5]. Shi et al. [6] used 

generalized quasichemical approximation and density functional theory to perform first-principles calculations on the 

thermodynamic and ordering characteristics of MAPb1−xSixI3, MAPb1−xGexI3, and MAPb1−xSnxI3 alloys as pseudo-cubic 

structures. The structural properties are significantly impacted by adding a second, more minor metal, such as Si or Ge, which 

decreases the organic cation's cavity volume and limits the free orientation under the influence of high temperatures. Density 

functional theory (DFT) was used by Zhou et al. [7] to examine how the Te concentration affected the crystal structure, thermal 

stability, electronic structure, and optical properties of Rb2Sn1−xTexI6 (0 ≤ x ≤ 1). The Sn-Te alloyed perovskites were found to 

have a good band gap, a small effective mass, and outstanding light absorption. Xia et al. [8] examined the electrical 

characteristics of the hybrid halide perovskite (CH2)2NH2PbI3 (AZPbI3) using density functional theory (DFT); their findings have 

shown significant more stability than the widely used halide perovskites, i.e., MAPbI3 and HC(NH2)2PbI3. Additionally, they 

found that the Pb-Sn halides may have enhanced grain size and reduced trap-assisted nonradiative recombination, which would 
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have improved thermal stability [9-11]. Additionally, thermodynamic stability is essential to the viability of MHP-based solar 

cells for commercialization [10].  

 

Recently, perovskites based on MAPbI3 have opened up new possibilities for thermal stabilizing and tuning their properties in a 

variety of ways, including partial or total replacement of the MA
+
 cation [11], [12]; Pb

2+
 atoms by another cation, such as Sn

2+
; or 

varying the halogen content [13]. This method made significant progress in developing photovoltaic systems, particularly the 

MAPb1−xSnxI3 alloys, where the toxicity due to lead (Pb) is reduced by using another congener eco-friendly metal [14]. Based on 

this, the MHP alloys create space for the growth of photovoltaic performance by managing both their thermodynamic stability and 

optical qualities[15]. Experiment from previous research has revealed the thermodynamic stability of MAPbxSn1−xI3 in distinct 

structural motifs over a relatively limited temperature range [16] and other weather variations like UV, heat, and moisture, which 

is critical for the durability of MHP solar cells [17]. Their result have revealed the tetragonal phase, which decomposes at 

temperatures as low as 403K, indicating that the  alloy is thermodynamic unstable [18]. Recently, Hao et al. [19] investigated the 

MAPbxSn1−xI3 stable alloy; their investigation revealed the pseudo-cubic structure for MAPb0.5Sn0.5I3 alloy, but when the Pb 

content increases, the structure shifts to a tetragonal shape, indicating that the alloy is gradually approaching the stable thermal 

phase of MAPbI3 [20]. Furthermore, with equal proportions of Pb: Sn the alloy is still found unstable at a temperature of 50℃, 

especially when its unencapsulated. This necessitates a theoretical study of perovskite alloys to determine the possibility of 

improving the thermal stability of mixed alloys.  

 

To date, device architectures have been the main focus of most published solutions to perform outstanding thermal stability [21], 

[22]. Seo et al. [23] utilized new hole-transporting material with a fluorene termination to achieve 21 days of stability at 85°C in 

atmospheric condition. To address these shortcomings, research has focused on raising the perovskite layer's quality [11], [24]. 

The thermal stability of perovskite solar cells can be extended by increasing the activation energy for the perovskite film's thermal 

breakdown. However, by utilizing multiple distinct functional groups interacting with perovskite, there have been various attempts 

to make high-quality perovskites that address these issues. Dimethyl sulfoxide (DMSO) containing a S=O group was added by 

Park et al. [25] to inhibit the Lewis base-acid adduct technique of crystal formation. By generating fullerene-halide radicals, Wu et 

al. [26] used [6,6]-phenyl C61-butyric acid methyl ester (PCBM) to remove Pb-I defects. Several studies have also used 

comparable functional group small molecules or polymer additives in the volatile or non-volatile forms to suppress trap defects 

and enhance efficiency of the device [5], [27]. To increase thermal stability without abandoning its electrical capabilities, it is still 

challenging to control-oriented crystal formation and slow down crystal growth [28].  

 

In this study, first-principle calculations through CASTEP analysis using Materials Studio were used to investigate the addition of 

formamidinium (FA) as a tactic to increase the properties of MA(Pb: Sn)I3 perovskite [29], [30]. This strategy offers theoretical 

advice for enhancing the perovskite materials' characteristics through experimental means. The FA addition causes a stronger 

hydrogen bond to form, which causes the perovskite network to partially expand [31]. Additionally, FA promoted a favored 

orientation due to the increased activation energy. The perovskite films with FA had higher crystallinity, resulting in lower defect 

densities and better vertical charge transport, which were very efficient. However, excessive FA causes the film's quality to 

decline, with a wide grain size dispersion and little crystallization [32] and the phase impurities are detected when the FA addition 

exceeds 50% [33]. Hence a theoretical approach is also necessary to achieve an optimum amount of FA additive required to 

improve the properties.  

2. METHODOLOGY  

Both the control and the FA-added MA(Pb: Sn)I3 perovskites were made using the DFT method and the CASTEP analysis from 

the Materials Studio simulation package [34]–[36]. The intended A-cation perovskites have typical compounds FAxMA1-

xSn0.5Pb0.5I3, where x=0, 0.2, 0.4 and 0.6 respectively. To generate the slab models, the  Crystallography Open Database (COD) 

was used to extract the CIF files for FA and MA(Pb: Sn)I3 [37]–[40]. FA was added to the MA(Pb: Sn)I3 perovskite to produce the 

structures. The ultrasoft pseudopotential corresponding to a Perdew, Burke and Ernzerhof (PBE) exchange–correlation (XC) 

functional was employed. An energy cutoff of 500 eV, which have been adopted in the previous theoretical work in the similar 

systems, is employed and the atomic positions are optimized using XC functional until the maximum force less than 0.03 eV Å
−1

 

which was enough to obtain a relaxed structure [41]. The compounds were modeled with 4 × 3 × 4 Γ-centered grids for the k-point 

sampling. Tests were made for the 4 × 3 × 4 grid in the similar systems in previous theoretical work  showing that the k-point 

grids are sufficient for the calculations [42]. The cell relaxing was carried out in accordance with the CASTEP analysis 

documentation [43]. The optical properties like dielectric functions, refractive index, absorption coefficient were calculated using 

the following formulas [35], [44]. 
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Where ε1 (ω) and ε2 (ω)- the real and imaginary parts, ω - phonon frequency, P- the integral's principal value., e - electronic 

charge, Ω -the unit cell volume, u - the unit vector along the incident electric field's polarization, and   
  and   

  - conduction and 

valence band (VB) electrons' wave functions at a specific k, n- refractive index, α-absorption coefficient,        - energy of the 

photon, h- Planck's constant, c- speed of light in vacuum, λ-frequency, I-light intensity,  KB - Boltzmann constant, T-temperature 

and q-elementary charge. 

 

3. RESULTS & DISCUSSIONS 

3.1 Electronic properties 

The band gap is the energy range of a material where no feasible electronic state exists. It is the difference between the maximum 

valence and minimum conduction bands. Figure 1-4a demonstrates that the resultant band gap (Eg) has no discernible impact due 

to the addition of FA additive on MAPb0.5Sn0.5I3 perovskite. The bandgap obtained was around 1.27 eV, which is comparable with 

previous  findings which have shown the values from 1.2 to 1.3 eV [45], [46]. 

 

 

a. b. 

  

Figure 1. Band diagram and DOS of the control perovskite 
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a. b. 

  
Figure 2. Band diagram and DOS of the FA0.2 MA0.8Pb0.5Sn0.5I3 perovskite 

 

a. b. 

  
Figure 3. Band diagram and DOS of the FA0.4MA0.6Pb0.5Sn0.5I3 perovskite 

 

a. b. 

  
Figure 4. Band diagram and DOS of the FA0.6MA0.6Pb0.5Sn0.5I3 perovskite 
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Total Density of States (TDOS) measures the number of electronic states that exist in the material under consideration and have a 

specific energy. The GGA-PBE approximation was used to calculate the overall density of perovskite states, which is shown in 

Figures 1-4b. The TDOS profile displays the locations of distinctive peaks as well as the involvement of the FA, C, N, H, Pb, Sn, 

and I atoms' electronic states that interact to generate perovskites. The TDOS spectra displays the separate valence band-

containing portions and the conduction band-containing region. The band gap is illustrated by the division between the lower 

region of the conduction states and the top portion of the valence states. This suggests that the hybrid perovskite structure behaves 

like a semiconductor. 

 

3.3 Optical properties 

Understanding the optical characteristics is an important topic that needs more research as the materials could be used as a light-

harvesting medium. Understanding the dielectric function is crucial for understanding data on the charge-recombination rate and 

the efficiency of optoelectronic devices since a high dielectric constant enhances overall device performance and lowers charge 

carrier recombination [47]. The complex dielectric function ε (ω), which depicts a system's linear response to an external 

electromagnetic field, can be used to explain the optical properties of matter. The ability of a material to permanently absorb 

energy from an electric field is described by the imaginary part of the dielectric constant, whereas the real component of the 

dielectric constant describes the material’s electronic polarizability. The static value of the dielectric constant of 20%–60% mol 

FA addition to the device at 0 eV is higher than that of the control device, and it started to decline when the ratio was above 50% 

because of phase impurities in the compound. This is revealed by the real part of the dielectric function, as shown in Figure 5. 

Consequently, the low energy region has a larger dielectric coefficient than the high energy region, which suggests that there is 

less charge-carrier recombination there, improving device performance in the visible spectrum. 

 

 

Figure 5. Real part of Dielectric function 

 

Figure 6 provides a calculation of the imaginary portion of the dielectric function. Understanding the absorption behavior requires 

an understanding of the imaginary part, which is also associated with the band structure [44]. For both the control and the FA 

added devices, a strong peak in the visible region is seen. The 40% mol FA added device's peaks shifted more to the lower energy 

region revealing the strong absorption in the visible-range [48]. Similarly, the dielectric function of the FA added device is found 

to be minimal in comparison to the control device in the high-energy region. This implies low absorption in the higher energy 

region. Overall, the findings indicate that the FA-added device exhibits strong absorption in the low energy range, making it 

appropriate for use in optoelectronic applications like solar cells [49]. 
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Figure 6. Imaginary part of Dielectric function 

 

Another optical characteristic that was calculated in this study is the absorbance of the materials. This parameter provides 

additional, crucial details about the optimal solar energy conversion efficiency and the light entrance of a certain wavelength prior 

to absorption. The sun releases photons of light at various frequencies. The band gap width (Eg) of the materials is what 

determines whether a photon can be absorbed [50], meaning that if the photon's energy is lower than the band gap, it cannot be 

absorbed, and if it is equal to or higher than the band gap, it can be absorbed by the semiconductor [35].  Additionally, when the 

photon energy exceeds the band gap width, the bands relax toward the electronic states close to the gap, which results in energy 

loss. The addition of FA does not significantly affect the resulting Eg of the control as shown in Figure 7 instead the FA addition 

was responsible for lowering the crystallization rate which was caused by presence of 50%mol Sn in the control as a result the 

morphology of the material was poor due to their associated rapid crystallization [46]. 

 
Figure 7. Calculated the absorption coefficient in the visible region 

 

This study also took into account an optical conductivity, which provides a relationship between the amplitude of the inducing 

electric field and the current density produced in the material for arbitrary frequency [51]. The optical conductivity of perovskites 

is given in Figure 8 showing an improved photoconductivity of materials in the lower energy region. The greater absorption 

(Figure 7) in the visible area is the cause of the increased photoconductivity there. The samples' shape and peaks shifted toward 
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the lower energy region. Compared to the control sample, the FA supplemented sample shifted more. The optical conductivity of 

the FA sample is therefore considerable throughout the entire visible light spectrum. This suggests that optimal FA addition would 

be more suited for usage in optoelectronic applications such as solar cells.  

  
Figure 8. Calculated optical conductivity in the visible region 

 

3.4 Thermodynamic properties 

The stability of materials during moisture, light, and heat exposure is primarily determined by the energy of the breakdown 

reaction and the enthalpy of synthesis of the perovskite solar cell materials [5], [52]. Under the influence of high temperatures, tin 

and lead halide perovskites based on methylammonium quickly transform into the halides [53], [54].  

The formation energies of the perovskites need be calculated to assess their thermodynamic properties. The overall formula for the 

perovskite formation process is MAI + PbI2 → MAPbI3, and the formation energy can be calculated as follows [55], [56].  

       (      )     (   )     (    )                (8) 

For the mixed perovskites FAxMA1-xSn0.5Pb0.5I3 perovskites, the formation energies (ΔH) are estimated by the following 

expression: 

       (                    )      (   )  (   ) (   )       (    )       (    )     

                (9) 

Where x is the percentage of FA atoms, and ΔHf is the enthalpy of formation for formula unit of FAxMA1-xSn0.5Pb0.5I3. When ΔH 

is negative, the decomposition reactions become endothermic and indicates a perovskite structure is stable [56]. 

The formation energy per formula unit of FAxMA1-xSn0.5Pb0.5I3 perovskites as listed in Table 1 reveals that; with the addition to 

40% mol FA, the formation energies tend to decrease implying a more thermal stable structure than the control. This may be 

caused by the decrease in crystallization rate by presence of FA. When the FA level exceeds 50 mol%, the film morphology 

deteriorates once more, possibly as a result of phase impurities brought on by the perovskites' immiscibility [57], this led into the 

increase of energy. These results are comparable with the literature data for the Pb-Sn halide perovskite [55], [58]–[60].  

 

Table 1. Formation energy (ΔH) per formula unit calculated using DFT/PBE functional 

Crystal lattice                                         ΔH (eV) 

Control                                           -4.43  

20% FA                                           -5.6 

40% FA                                          - 6.4 

60% FA                                           -5.3 
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4. CONCLUSIONS 

FA additive was found to improve the properties of Pb-Sn perovskites. FA 's intense interaction with Pb/Sn ions boosted the film's 

growth activation energy, enabling the development of high-quality films with favored orientation and superior electrical 

characteristics. This predicts that it is possible to create a Pb-Sn alloy, if there is a well-thought-out design, which lays a 

foundation for the development and application of tin-lead mixed perovskite devices. 
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