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Abstract
Here, the first-principle calculations with the density functional theory calculations with PBE exchange–correlation 
functional were employed in investigating the effect of Cesium in the properties and optoelectronic performance of 
MAPb0.5Sn0.5I3 perovskite using A-site cation engineering technique. The control and Cesium based perovskites were 
generated and computed through CASTEP analysis from Material studio to determine their properties as well as optoelec-
tronic performance. The findings revealed an improved properties of Cesium added perovskite compared to control ones. 
However, above 15%Cesium, phase separation was seen which declined the quality of the perovskite films. Moreover, 
simulation results of perovskites added with Cesium to 15% have demonstrated to have an improved optoelectronic 
performance as well as thermal stability by maintaining about 76% compared to the control which can retain about 
39% of their initial power conversion efficiency after 15 days of aging at 85 °C in the ambient condition. This research 
presents a viable approach to investigate the impact of cation composition tuning on band gap, which can be extended 
to other perovskites. Additionally, it offers a broad set of design guidelines prior experiments for attaining a targeted 
band gap and modifying perovskite crystallization to enhance the characteristics, thermal stability, and optoelectronic 
performance of perovskite solar cells.

Keywords  Composition engineering · Materials studio · Pb–Sn perovskite solar cells · Thermodynamic properties · DFT 
calculations

1  Introduction

Comparative to other solar cells types on material costs 
being cheap, simple production, and their solar capa-
bilities on generating high power conversion efficiency 
(PCE) [1], organometal halide perovskites, which are at the 
center of the next-generation photovoltaic technologies, 
have gained significant attention [2, 3]. Perovskite solar 
cells’ (PSCs) photovoltaic performance has undergone 
significant improvements. In comparison to traditional 

solar technology based on crystalline silicon, the PCE has 
increased from 3.8% [4] to roughly 26.1% [5, 6]. However, 
the device instability due to heat effect continue to be 
a major obstacle towards commercialization [7, 8]. It is 
understood that low formation energy halide perovskites 
are inherently unstable, making them susceptible to deg-
radation from a variety of outside influences such as tem-
perature and humidity [9]. Therefore, the main challenge 
is to improve the properties of the perovskite to obtain a 
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thermally stable structure with improved optoelectronic 
performance.

Recently, a number of theoretical investigations have 
been used to improve the properties of perovskites which 
resulted into devices with increased thermal stability [5, 
10, 11]. 1,3,7-trimethylxanthine was employed as an addi-
tive to boost the activation energy of perovskite films cre-
ating an improved optoelectronic performance caused 
by molecular lock between carboxyl group and the Pb/Sn 
ions [12]. Lin et al. [13] demonstrated that the breakdown 
of the perovskite layer when exposed to continuous illumi-
nation may be slowed down by adding a piperidinium salt 
to the perovskites. Hexyl trimethyl ammonium bromide 
was additionally deposited on top of the perovskite film to 
produce a thin layer of wide-bandgap halide perovskites. 
With one sun’s light and 85% relative humidity, the in-situ 
reaction produced an excellent stability and PCE of 22.7% 
[14]. Either, investigations have been done on distinct 
phases of the MA(Pb: Sn)I3 perovskites [15, 16].

Many experimental and theoretical data show that the 
Pb: Sn phase transitions occur from around 110 to 330K 
[17]–[19]. Due to the perovskite’s ability to undergo phase 
changes under varied temperature conditions, the fea-
tures of each phase are crucial [20]. However, just a few 
studies on the properties and optoelectronic performance 
of MAPb0.5Sn0.5I3 perovskites have been published con-
currently, leaving their properties unknown.

In this study, the first-principle analytical approach 
through CASTEP analysis using Materials Studio was used 
to investigate the effect of Cesium (Cs) on raising the prop-
erties and optoelectronic performances of halide Pb-Sn 
perovskite using A-site cation engineering technique. This 
offers a broad set of design guidelines prior experiments 
for attaining a targeted band gap and modifying perovs-
kite crystallization to enhance the characteristics, thermal 
stability, and optoelectronic performance of perovskite 
solar cells. The obtained structures have shown the per-
ovskite crystal’s formation was slowed down after addition 
of up to 15%Cs due to strong chemical bonding between 
the ions. Additionally, the structures were found to have a 
slower rate of crystallization, enhancing the homogeneity 
of the film shape, a low defect density, and a decreased 
rate of Sn2+ oxidation by lattice contraction achieved by its 
small ionic radius, all of which contributed to the improved 
optical and thermodynamic properties as well as optoelec-
tronic performance of Cs-added perovskite materials. To 
put off the phase separation of the perovskite brought 
on by the high concentration of Cs+ in the perovskite, an 
optimum amount of Cs+ was used to the control sample 
[21]. This optimum amount was achieved by DFT theoreti-
cal approach using the CASTEP analysis in the Materials 
Studio software.

2 � Methodology and simulation

The perovskite materials were computed using the DFT 
method and the CASTEP analysis from the Materials Stu-
dio simulation package was used to complete the calcula-
tions [22, 23]. The Crystallographic Information Files were 
obtained from the Materials Project and the Crystallogra-
phy Open Database[24]–[27]. The ultrasoft pseudopoten-
tial 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 0.02 eV Å−1 which was 
enough to obtain a relaxed structure [19]. The compounds 
were modeled using 4 × 3 × 4 Γ-centered grids k-points. Tests 
were made for the 4 × 3 × 4 grid in the similar systems in pre-
vious theoretical work demonstrating that the k-point grids 
are satisfactory for the calculations [28]. Cell relaxing was car-
ried out in accordance with the CASTEP analysis documenta-
tion [29]. The optical properties such as dielectric functions, 
refractive index, absorption coefficient were calculated 
using the following formulas [23, 30]. Either the optoelec-
tronic performance were mathematically computed using 
formulas 14–18 [31] and thermal stability analysis was com-
puted using the kinetic modeling offered by Myong and Lim 
in 2006 [32] utilizing formulas 19–24 respectively adopted 
from previous studies.
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where ε1 (ω) and ε2 (ω)- the real and imaginary parts, 
ω—phonon frequency, P- integral’s principal value, e—
electronic charge, Ω -unit cell volume, u—polarization 
of the incident electric field unit vector, and Ψc

k
 and Ψv

k

—conduction and valence band (VB) electrons’ wave func-
tion at a specific k, n- refractive index, α-absorption coef-
ficient,—Ephotonenergy 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 and discussions

3.1 � Structure parameters

Figure 1 is the intended A-cation perovskites with typical 
compounds CsxMA1-xSn0.5Pb0.5I3, where x = 0, 0.1, 0.15 and 
0.2. To determine whether optimizing structures before 
simulation is still relevant, the structures were simulated 
using the same values for the energy cut-off (ecutwfc). 
The compounds adopt a perovskite-type structure that 
consists of a network of [Pb0.5Sn0.5I6]−4 octahedra with 

corner-sharing Sn or Pb atoms occupying the metal site 
at random [33]. The members crystallize in orthorhombic 
at room temperature as indicated in the previous works 
[34]–[36]. To obtain the stable phase structures of the 
compounds as shown in Table 1, the lattice parameters 
were optimized by performing precise calculations for the 
energy as a function of volume. The stresses on the atoms 
are minimized at a specific cell volume where the ratios of 
the unit cell vectors are maintained at experimental values 
using initial estimates of experimental lattice characteris-
tics. Except for the control sample which converted to an 
isostructure at a temperature of 60 °C, all Cesium added 
perovskites were found to contain an orthorhombic phase 
as in Table 2. This is consistent with earlier related research 
on the control sample [18]. Upon Cs addition, the lattice 
volume gradually decreased due to the partial substitution 
of larger MA+ cations with smaller Cs+ cations [21]. The 
energy-volume curve in Fig. 2 illustrates the relationship 
between the energy and volume of the perovskite cells. It 
was discovered that the perovskite with 15% Cs added had 
the lowest energy at a volume of about 980.32 Å3. These 
results agree with the previous experimental and theoreti-
cal results as shown in Table 1 [18, 21, 35, 37].

3.2 � Electronic properties

Given that the Pb–Sn perovskites would be exploited as 
a substrate for light harvesting, it is essential to investi-
gate the electrical structures of these materials. As can 
be seen in Fig. 3-56a, the band gap of the MAPb0.5Sn0.5I3 
perovskite was adjusted because of the partial substitu-
tion of Cesium for the A-cation. The valence band shifting 
to a little lower energy and the octahedral tilting, which 
reduces metal-halide orbital overlap and moves the bands 

Fig. 1   CsxMA1-xSn0.5Pb0.5I3 perovskite structures where x = 0.1, 0.15 
& 0.2

Table 1   Hybrid perovskite 
lattice parameters and volume 
(V)

Crystal lattice Phase structure a (Å) b (Å) c (Å) V (Å3)

Control (this study) Orthorhombic 8.85 8.85 12.53 982.95
Control (others) [18, 21] Orthorhombic 8.83–8.86 8.83–8.86 12.53–12.55 981.4–984.1
10%mol Cs Orthorhombic 8.84 8.84 12.54 981.25
15%mol Cs Orthorhombic 8.84 8.84 12.51 980.32
20%mol Cs Orthorhombic 8.83 8.83 12.49 974.85

Table 2   Phase structure @60℃

Crystal lattice Phase structure

Control (this study) Isostructure
Control (others) [18, 38] Isostructure
10%mol Cs Orthorhombic
15%mol Cs Orthorhombic
20%mol IL Orthorhombic
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to deeper energies along with the band gap bending 
within a Pb–Sn compositional range, have accelerated 
this increase. This study’s observation is consistent with 
theoretical and experimental results from earlier research 
that demonstrated an increase in band gap as a result of 
partial cesium substitution for A-cations [21, 39]–[42].

Total Density of States (TDOS) of the perovskite states 
depicted in Fig.  3, 4, 5, 6b were estimated using the 
CASTEP analysis from the Materials Studio and the GGA-
PBE approximation. The Cs, N, H, C, Pb, Sn, and I atoms 
intermingle to form perovskites, and the TDOS profile 
shows the locations of characteristic peaks as well as the 
participation of certain electronic states. The perovskite’s 
valence band exhibits a higher density of states, which 
suggests that the material is a member of the semiconduc-
tor family. The approach gives a clearer picture of how the 
electronic states of the Pb, Sn, and I atoms affect bandgap 
changes. The research helps to clarify how the electronic 

Fig. 2   Energy-Volume curves for hybrid perovskites

Fig. 3   Band diagram and DOS 
of the control perovskite

Fig. 4   Band diagram and DOS 
of the Cs0.1MA0.9Pb0.5Sn0.5I3 
perovskite
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states of the Pb, Sn, and I atoms affect fluctuations in the 
bandgap. The I atoms’ 5p-states, which somewhat overlap 
with the 5 s-states of Sn and Pb, are the main contributors 
to the valence band maxima. The 5p-states of Sn and Pb 
atoms, nonetheless, are what populate the conduction 
band and are responsible for the creation of the conduc-
tion band minima. The location of the Fermi level in a per-
ovskite between the valence band and conduction band 
is typically determined by the electron density of the Pb, 
Sn, and iodine atoms p-states.

3.3 � Optical properties

The suitability of the materials for use as light-harvesters 
is determined by this attribute. In this study, the dielec-
tric functions, absorbance, and optical conductivity are 

investigated to explore the optical properties of the 
materials.

It is crucial to understand the dielectric function when 
evaluating data on the charge-recombination rate and 
the efficiency of optoelectronic devices because litera-
ture claims that a high dielectric constant increases over-
all device performance and lowers charge carrier recom-
bination [43]. The optical properties of materials can be 
explained by the complex dielectric function ε (ω), which 
shows a system’s linear response to an external electro-
magnetic field. The imaginary portion of the dielectric 
constant indicates a material’s capacity to indefinitely 
absorb energy from an electric field, whereas the real 
portion describes the material’s electronic polarizability. 
The static value of the dielectric constant of a 10%–15% 
mol Cs addition to the device at 0 eV is higher than that 
of the control device which agrees with the results from 

Fig. 5   Band diagram and DOS 
of the Cs0.15MA0.85Pb0.5Sn0.5I3 
perovskite

Fig. 6   Band diagram and DOS 
of the Cs0.2MA0.8Pb0.5Sn0.5I3 
perovskite
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other studies [44], and it started to decline when the ratio 
is above 15% due to phase segregation in the compound. 
This is revealed by the real portion of the dielectric func-
tion, as shown in Fig. 7. The dielectric coefficient is found 
to be bigger in the low area than in the high energy region. 
This discovery points to a connection between the device’s 
better performance in the visible region and the low 
charge-carrier recombination rate in the low energy zone.

Understanding the imaginary section in Fig. 8 which is 
likewise related to the band structure is necessary to com-
prehend the absorption behavior [30]. A noticeable peak 
is observed for both the control and the Cs added devices. 
The device’s peaks with 15% mol Cs added were more dis-
placed to the lower energy area, showing the substantial 
visible-range absorption [45]. In the high-energy area, it 
is discovered that the Cs added device’s dielectric func-
tion is significantly reduced when compared to the con-
trol device. This suggests that there is little absorption at 
higher energies. The results show that the Cs-added device 
has substantial absorption in the low energy region, which 
makes it more appropriate for use in optoelectronic appli-
cations [46].

The amount of light that can pass through the material 
before it is absorbed, and the optimal solar energy conver-
sion efficiency are both determined by its absorbance. Dif-
ferent frequencies of light photons are released by the sun. 
If a photon’s energy is lower than the band gap, it cannot 
be absorbed; if it is equal to or higher than the band gap, 
it can be absorbed by the semiconductor [23]. The width 
of the band gap (Eg) of the materials influences whether a 
photon can be absorbed [47]. Moreover, the bands relax 
toward the electronic states near to the band gap when 
the photon energy exceeds the width of the gap, which 

results in energy loss. The resulting Eg of the control, as 
shown in Fig. 9, is not significantly changed by the addi-
tion of Cs; however, the Cs addition was responsible for 
slowing the crystallization rate, which was brought on by 
the presence of 50%mol Sn in the control; as a result, the 
material’s morphology was poor due to their associated 
rapid crystallization [21].

The relationship between the amplitude of the induc-
ing electric field and the current density generated in the 
material at any frequency is given by the optical conduc-
tivity of the materials [48]. Fig. 10 shows the optical con-
ductivity of perovskites, which has improved photocon-
ductivity in the lower energy area. It is evident that the 
increased photoconductivity in the visible region is caused 

Fig. 7   Real part of Dielectric function Fig. 8   Imaginary part of Dielectric function

Fig. 9   Calculated the absorption coefficient in the visible region
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by the higher absorption there. The samples’ peak loca-
tions and shape changed toward the lower energy region. 
The Cs augmented sample shifted more than the control 
sample. Because of this, the Cs sample exhibits consider-
able optical conductivity over the whole visible light spec-
trum. As a result, the optimal Cs addition would be more 
suited for use in optoelectronic systems like solar cells.

3.4 � Mechanical properties

Perovskite-based solar cells are susceptible to several factors 
that impact their stability, including cell degradation, stress 
and strain, design, fabrication, age and industrial processing 
[49]. As a result, the current density is lowered, which short-
ens the cell’s lifespan and efficiency [50]. Since solar cells 
have recently been considerably thinner and more portable, 

there is growing concern about the mechanical stability of a 
solar cell under varied conditions. Hence a certain mechani-
cal stability must be possessed by the perovskite solar cells 
to function properly. The mechanical properties of materials 
are controlled during manufacture and usage by use of the 
elastic constants (Cij), which are quantities that show a mate-
rial’s resistance to deformation in different directions when 
subjected to shearing, volumetric, and uniaxial stresses.

In this study, the six independent elastic constants 
exhibited in Table  3 were obtained using the CASTEP 
stress–strain method [51]. There exists a correlation 
between the control structure’s estimated Cij values and 
the existing theoretical values [49]. Since, the structures 
employed in this study possess orthorhombic phases, the 
mechanical stability is determined by C22 + C33-2C23 > 0 and 
C11 + C22 + C33 + C12 + 2C13 + 2C23 > 0 criteria [51]. The results 
show that perovskites are mechanically stable and meet the 
orthorhombic crystal Born stability requirement due to the 
positive elastic constants. Table 4 further displays the results 
of the Voigt-Reuss-Hill (VRH) estimation for the young’s mod-
ulus (E), bulk modulus (B), shear modulus (G), and Poisson’s 
ratio (τ). The Debye temperature and the sound velocities in 
the crystal are directly correlated with the elastic character-
istics by relations 8–10:
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Fig. 10   Calculated optical conductivity in the visible region

Table 3   Calculated elastic 
constants by different ratio 
(x%) of Cs concentrations

x% C11 C12 C13 C22 C23 C33 C44 C55 C66

Control (this study) 36.7 12.3 22.4 21.2 13.6 20.6 7.9 5.2 7.4
Control (others) [38] 36.9 11.9 22.1 20.8 13.5 20.6 8.2 5.1 7.2
10 41.3 13.7 23.8 26.4 12.8 23.2 6.5 7.8 7.4
15 50.1 17.4 25.6 28.7 12.7 31.2 5.3 11.3 7.7
20 44.3 15.6 36.8 34.9 12.4 26.8 6.3 7.9 7.4

Table 4   Calculated parameters 
of perovskites by different ratio 
(x%) of Cs concentrations

x% B G E τ B/G vl vt vm {O}D

Control (this study) 17.2 6.2 16.1 0.36 2.77 2539 1206 1361 152
Control [38] 17.4 6.3 15.8 0.35 2.76 2545 1204 1354 149
10 20.1 6.9 17.2 0.39 2.91 2704 1294 1401 159
15 22.3 7.4 19.8 0.38 3.01 2955 1374 1541 179
20 19.7 7.2 18.4 0.37 2.74 2819 1326 1471 164
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Where h- Planck constant, k- Boltzmann constant, NA—
Avogadro’s number, n – molecular atomic number, M—
molecular mass, ρ – density, vl and vt -longitudinal and 
transverse, vm – average sound velocities, and —Debye 
temperature.

The largest independent parameter for the halide per-
ovskites is the C11 elastic constant. Furthermore, 1.75 is a 
common critical value for determining a material’s ductil-
ity [52]. The computations’ findings revealed that the B/G 
values are substantially greater than 2.0, meaning that 
even with deformation, they will yet have properties that 
are sensitive to bending, tensile, and compression. They 
are also useful for the large-scale deformation needed to 
create room-temperature thin film absorber layers due 
to the low shear modulus of perovskites. Poisson’s ratio 
(τ), which measures ductility, is frequently higher than 
0.26 [53]. The Poisson’s ratio for each of the perovskites in 
this study was found to be more than 0.3, indicating that 
the elasticity of the materials allows for the adjustment 
of their band gaps. This is caused by the weak chemi-
cal bonds that result in element-dependent perovskite 
molecules (Table 6).

3.5 � Thermodynamic properties

The stability of materials during moisture, light, and heat 
exposure is primarily determined by energy of the break-
down reaction and the enthalpy of synthesis of the per-
ovskite solar cell materials [5, 54]. Under high temperature 
settings, the Pb–Sn halide perovskites rapidly transform 
into the halides [55, 56].

To determine the perovskites’ thermodynamic stability, 
the formation energies of those materials must be com-
puted. The general formula for the perovskite formation 
process is MAI + PbI2 → MAPbI3, and the formation energy 
can be calculated as follows [57, 58].

For the mixed perovskites CsxMA1-xSn0.5Pb0.5I3 perovs-
kites, the formation energies (ΔH) are estimated by the 
following expression:
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]

where x is the percentage of Cs atoms, and ΔHf 
is the enthalpy of formation for formula unit of 
CsxMA1-xSn0.5Pb0.5I3. When ΔH is negative, the decom-
position reactions become endothermic and indicates a 
perovskite structure is stable [58].

According to Table  5, the formation energies of 
CsxMA1-xSn0.5Pb0.5I3 perovskites tend to decrease with the 
addition of 15% mol Cs, indicating a more thermally stable 
structure than the control. This might be brought on by 
the presence of Cs, which slows down crystallization. The 
film shape degrades once more when the Cs concentration 
surpasses 20 mol%, presumably due to phase separation 
caused by the immiscibility of the perovskites [33], which 
resulted in an increase in energy. These findings are equiva-
lent to Pb–Sn halide perovskite experimental and theoretical 
data[57, 59]–[61].

3.6 � Optoelectronic performance

The effect of binding interactions on device optoelectronic 
performance was highlighted by the simulation of perovs-
kite. The effectiveness of the device’s photovoltaic capability 
was assessed using formulas 14–18 and led to generation 
of the J-V curves in Fig. 11 and External Quantum Efficiency 
(EQE) spectra in Fig. 12.

Table 5   Formation energy (ΔH) per formula unit calculated using 
DFT/PBE functional

Crystal lattice ΔH (eV)

Control (this study) −4.42
Control (others) [38] −4.35–4.44
10%mol Cs −5.8
15%mol Cs −6.2
20%mol Cs −4.9

Table 6   Optoelectronic performance of perovskites

Devices JSC (mAcm−2) VOC (V) FF (%) PCE (%)

Control (this study) 22.8 0.69 59.53 7.64
Control (others)[21, 

38, 56]
18.65–22.98 0.62–0.71 55–62 5.19–8.26

10%mol Cs 24.62 0.74 63.72 9.47
15%mol Cs 25.40 0.79 68.88 11.28
20%mol Cs 21.92 0.65 57.64 6.70
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Where VOC-open circuit voltage, JSC-short circuit cur-
rent density, FF-fill factor, Jph-photocurrent density, VMP 
& JMP- voltage and current at the maximum power point 
and I- Intensity of light, area (A) of the cell was taken to 
be 0.1225cm2 and the incident power (P) considered was 
1000W/m2. Consistent with the morphological trends, 
Cs1.5MA8.5Pb0.5Sn0.5I3 perovskite delivered the improved 
optoelectronic performance parameters compared 
with the control device as shown in Table 6. As the Cs 
concentration rose from 15 mol% to 20 mol%, a notice-
able decrease in performance parameters was observed, 
respectively. This may due to phase segregation of the 
perovskite caused by high concentrations of Cs which 
impedes the light absorption [33].

The integrated values from the EQE spectrum in Fig. 12 
and these simulated values from the J-V curve in Fig. 11 
were in excellent agreement. To enhance the long-term 
stability of Sn-based perovskites, the results demonstrate 
the effectiveness of adding Cs. This work used a 15 mol% 
partial replacement of Cs to examine the approach of this 
technique on improving the properties and optoelec-
tronic performance of Pb-Sn perovskites which may led 
into increasing the thermal stability of the MAPb0.5Sn0.5I3 
perovskite. The study’s results demonstrate optoelectronic 
which are comparable to previous theoretical and experi-
mental Pb-Sn based perovskite solar cells [62–67].

(18)VOC = (nkBT∕q)In(I∕I0 + 1)

Fig. 11   J–V curves for the perovskites

Fig. 12   External Quantum Efficiency (EQE) spectrum

Fig. 13   Thermal stability performance of the perovskite
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4 � Thermal stability

To explore the devices’ thermal stability while being ambi-
ently stored at 85°C, both the control and the Cs added 
devices were simulated at temperature of 85℃ as shown in 
Fig. 13. The loss in device parameters has been computed 
for the aging period after which the corresponding param-
eter either ceases to degrade, becomes stable, or begins 
to recover. The degradation and or recovery of FF and JSC 
were computed as they have been proven to be account-
able for the decline in perovskite devices’ efficiency[31]. 
To investigate the thermal stability of the control, and Cs 
based perovskites, the kinetic modeling offered by Myong 
and Lim in 2006 [32] was applied utilizing formulas 19-24.

Where α and β—ratio of photo-created fast and slow met-
astable defect density, NA-Avogadro’s number, τs and τf- time 
constants for the slow and fast metastable defects to return 
to stable state, N0 & Nd- defect density in perovskite layer 
before and after aging, and γ—defect annealing rate. The Cs 
added device retained 76% of its original PCE after 15 days 
while a control device’s PCE only kept around 39% of its ini-
tial value. The control data from this investigation agree well 
with those from experimental and theoretical studies [21].
The notable improvement in thermal stability is attributed 
to either the impact of modifying the crystallization kinetics 
of perovskites or the production of high-quality films with 
large grain sizes and stable crystal structures because of 
bond interactions between the Cs and the perovskite.

5 � Conclusions

The purpose of the study was to evaluate the effect of 
cesium partial substitution on the properties and opto-
electronic performance of MAPb0.5Sn0.5I3 perovskite using 

(19)FFn =
{In{n × [1 + �. exp(−t∕�f ) + � . exp(−t∕�s)]}}

In n

(20)n =
N0

N0 + Edf + Nds

= exp

(
FFd − FFi

A

)

(21)� = Ndf∕N0

(22)� = Nds∕N0 = 1∕n − 1 − �

(23)Nd(t) = N0. exp(−�t)

(24)JSC(t) =
Nd

N0 − Nd

. exp(� .t)

A-site cation engineering technique. The study observed 
partial substitution of A-cation with Cesium provided 
a way to adjust band gaps due to the opposing effects 
of octahedral tilt and lattice contraction, along with the 
band gap bowing within a Pb–Sn compositional range. 
Additionally, the results showed that perovskites with up 
to 15% cesium added have enhanced characteristics and 
optoelectronic capabilities. Furthermore, after 15 days of 
aging at 85 °C in ambient conditions, the data show that 
perovskites with 15% cesium added have better thermal 
stability, preserving almost 76% of their initial power 
conversion efficiency, compared to the control sample, 
which may preserve about 39%. It is discovered that an 
ideal thermal stable perovskite material may be produced 
even at high temperatures by considering the characteris-
tics and optoelectronic performance outcomes of the Cs 
added device.
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