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This study presents a comprehensive investigation of the double perovskRb&§ using first-principles Density Functional Theory

(DFT) calculations and SCAPS-1D device simulations to explore its structural, electronic, elastic, optical, thermoelectric, and photovoltaic
properties. The structural analysis confirms the cubic phase (space group Fm-3m) with excellent mechanical stability, as evidenced by elasti
constants and bulk modulus (18.88 GPa). Electronic band structure calculations, performed using TB-mBJ + SOC, reveal a direct bandgar
of 1.63 eV. High optical responsiveness is observed in the material, possessing large absorption coeffiti@htsn(!) in the visible and

UV range and low reflectivity. Thermoelectric analysis indicates promising performance, with a high Seebeck coefficient and power factor
(~ 10'? a.u.). SCAPS-1D simulations demonstrate outstanding photovoltaic performance, achieving a power conversion efficiency (PCE)
of up to 31.8% under optimized conditions, with a high open-circuit voltdge~ 1.61 V) and fill factor (FF~ 86.7%).
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1. Introduction compositions. Recent studies confirm that while challenges
remain, lead halide perovskites have exhibited remarkable
In light of the numerous international conferences dedicatedtability improvements that enable consideration for com-
to addressing global environmental challenges and reduanercial applications. The certified power conversion effi-
ing atmospheric carbon dioxide emissions, there has beencency (PCE) of single-junction lead halide PSCs has in-
growing shift in focus toward solar energy as a sustainablereased significantly, reaching approximately 26.7% in 2024
solution. Nevertheless, conventional solar cells have strugand over 32% in early 2025, approaching the performance of
gled to meet the escalating global energy demand, largelsandem silicon solar cells [4,5]. However, stability challenges
due to material scarcity and limited efficiency. Perovskiteremain due to intrinsic and extrinsic degradation mecha-
materials have emerged as a ray of hope in this field. Theinisms, but active research on material composition, additives,
remarkable properties including strong light absorption, highand device engineering has led to greatly improved opera-
charge-carrier mobility, long diffusion lengths, and tunabletional stability and moisture resistance [6]. A recent approach
bandgaps position them at the forefront of next-generatiomsed biomass-derived additives that interact with and immo-
photovoltaic technologies. Among these materials, mixedilize lead ions in the perovskite structure, reducing defects
cation/halide perovskites offer greater freedom in structurahnd lead leakage while enhancing moisture resistance. Such
and electronic engineering, allowing precise control of pho-devices achieved 25.01% PCE and retained over 95% of their
tovoltaic behavior. performance after 2000 hours of storage and 80% efficiency
As always with this unique class of compounds continueginder humid illumination for 1050 hours, showing promis-
to captivate researchers in the field of solar energy than mudg commercial viability [7]. The lead perovskite systems
research has been conducted on perovskite solar cells (PSCk)¢us on balancing high efficiency with controlled lead toxic-
where the power conversion efficiency (PCE) of these leadty risks through chemical passivation strategies and physical
halide-based organic-inorganic hybrid cells has rapidly in-encapsulation, crucial for market acceptance [8]. Lead halide
creased from 3.8% to a record-breaking certified efficiencyperovskites feature a combination of exceptional efficiency
of 30% [1,2]. These cells hold remarkable promise due tcand significantly enhanced stability compared to their peers,
the ease of device fabrication using simple and inexpensivenhancing their potential for commercial solar cell applica-
manufacturing methods and the abundance of their material§ons [2,4,9].
Their poor stability against heat, humidity, and UV radiation Pb-Sn alloys suppress 4an formation via lattice strain
has been a major obstacle to date [3]. homogenization, enabling stable black-phase perovskites
Lead-based perovskite solar cells have attracted signifiwith post-treatments like F-TBA for defect passivation. Re-
cant attention for their combination of exceptional efficiencycent reviews highlight inorganic CsSndnd Pb-Sn systems
and relatively good stability compared to other perovskitereaching prolonged stability (958 hours at 90% efficiency
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retention) through SnOETL formation and 2D capping Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
layer [10-12]. Double perovskites, particularly Pb/Sn-basedional. The robustness and reliability of the GGA-PBE frame-
systems, offer enhanced structural stability over single pemwork have been confirmed through extensive benchmarking
ovskites due to their ordered,B(B’)Xs framework, miti-  against experimental data in prior studies, making it an ap-
gating phase transitions and®noxidation that degrade ef- propriate choice for the structural analysis conducted in this
ficiency in Sn perovskites. Lead-reduced and lead-free pestudy [19-21].
ovskite solar cells address toxicity concerns by substituting However, it is well known that the standard Generalized
Pb with Sn, Ge, Bi, Sb, or double perovskite variants likeGradient Approximation with the Perdew-Burke-Ernzerhof
Cs,Snls, achieving up to 15% PCE while prioritizing en- (GGA-PBE) functional tends to systematically underestimate
vironmental safety. High-efficiency SCAPS-1D simulationsband gaps, particularly in materials with complex electronic
optimize these devices, predicting 28% PCE for Sn-basethteractions or significant relativistic effects. To address this
structures through absorber thickness tuning and defect pakmitation and achieve a more accurate estimation of the band
sivation [13, 14]. gap and associated electronic properties close to experimen-
Combining ab initio calculations with solar cell device tal results, we employed the Tran-Blaha modified Becke-
simulations significantly reduces computational time and exdohnson (TB-mBJ) exchange potential. This semi-local po-
perimental effort while providing results that closely ap-tential has demonstrated substantial improvement in band
proximate experimental observations. For this reason, suchap predictions across a wide range of semiconductors. A
integrated theoretical-device approaches have been widejomparative study presented in Ref. [22] further supports the
adopted by researchers for the efficient evaluation and opsuperiority of TB-mBJ over conventional approximations in
timization of photovoltaic materials [15, 16]. this context. Additionally, to account for relativistic effects
Building on advances in lead-reduced perovskites, thigspecially relevant for materials containing heavy atoms, we
work explores CsPbSnBg, a double perovskite engineered incorporated spin-orbit coupling (SOC) into our calculations.
by partially replacing lead with tin to combine high optical The combined application of TB-mBJ and SOC provides a
absorption with reduced toxicity. Leveraging state-of-the-artmore accurate and physically realistic representation of the
density functional theory (DFT) and advanced SCAPS simuelectronic structure and last properties.
lations, we provide a comprehensive evaluation of its struc- For our computational setup, the muffin-tin radius (RMT)
tural, electronic, and photovoltaic properties, positioning itfor each of the four atomic species was uniformly set at
as a promising candidate for next-generation high-efficiency2.35 Bohr. The key input parameters Rkmax, Gmax, and
solar cells. Kpoint were carefully chosen as 8, 12, and 1000, respec-
tively. These selections correspond to a basis set comprising
256 plane waves and(@0 x 10 x 10) k-point mesh within
the First Brillouin Zone. Additionally, a threshold energy of
—6.0 Ryd was employed to effectively distinguish between
core and valence electronic states in the calculations.

2. Computational study and numerical simu-
lations

In this study, we perform a combined theoretical and
simulation-based investigation by integrating Density Func- i . . .
tional Theory (DFT) calculations with solar cell modeling us- 2.2 SCAPS-1D numerical simulation of CgPbSnBrs

ing the well-established SCAPS-1D software. In this study, a planar n-p perovskite solar cell architecture
] o ) was employed, comprising fluorine-doped tin oxide (FTO),

2.1 First-principles calculations of the CsPbSnBrs ab-  an electron transport layer (ETL), a perovskite absorber, and
sorber using density functional theory a hole transport layer (HTL), as illustrated in Fig. 6. The sim-

ulation was conducted under standard test conditions: a tem-

In this work, Density Functional Theory (DFT) was em- . S i
ployed as the foundational framework for the theoreticalperature of-300 K, an illumination intensity of 1000 W/m
corresponding to the AM1.5G solar spectrum, an electron-

analysis, with the Kohn-Sham equations [17] solved using th‘?wle thermal velocity 0107 cm/s, and a uniform defect den-

full-potential linearized augmented plane wave (FP_LAPW)sity of 101> cm~3. All simulations were carried out using the

method implemented in the WIEN2k computational code . .
[18]. This method is known for its high accuracy in treating widely used SCAPS-1D software [23]. A detailed summary

) . - of the simulation parameters is provided in Table .
the structural properties of complex materials. But as a firs . .
: . AT ; The input parameters were carefully determined based on
step, we carried out a precise optimization of the atomic po;

sitions of barium by accounting for variations in ionic radii, first-principles (DFT) calculations. Specifically, the effective

) . . - .’ masses were extracted from the electronic band structure
enabling sub-angstrom accuracy in atomic localization, with

convergence up to0—? A. This fine-tuning was essential to . ( h )
establish a reliable structural foundation for subsequent elec- m-=\ 2z |
tronic and optical property calculations. Ok
The structural properties were then investigated usingvhile the dielectric constant£) was obtained from the real
the Generalized Gradient Approximation (GGA) with the and imaginary parts of the calculated optical dielectric func-
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FIGURE 1. The cubic crystal structure for the §2bSnBg double perovskite: a) conventional cell, b) primitive cell, c) total energy (Ry) vs
unit cell volume (boht) for the CsPbSnBg double perovskite.

tion. The electron affinity ¥(eV)) was evaluated through a (E — V') curve. This allows us to extract key physical quan-
total energy difference approach by introducing an additionatities such as the equilibrium volume, lattice constant, bulk
electron into the system. The remaining parameters were derodulus, and pressure derivative. The resultihg- V' re-

rived consistently using effective mass approximations. lationship and the associated structural parameters are illus-
trated in Fig. 1c).

In the cubic ABB’X¢ double perovskite structure, the di-
valent metal cations B~ and B2?* are each octahedrally co-
ordinated by six halide anions (¥, forming BXs and BXg
octahedra. These octahedra are interconnected via corner-
3.1.1. Structural properties sharing, where each halide ion bridges two adjacent metal

centers. In an ideal cubic configuration, the B-X arleXB
In the initial phase of our investigation, we focus on thebonds are linearly aligned, resulting in a B-X-Bond an-
structural properties of GRbSnBg, employing the approxi- gle of 180, which reflects the high symmetry and unifor-
mation (GGA-PBE) framework. Subsequent analyses of thenity of the structure. Concerning the atomic arrangement in
electronic, optical, elastic, and thermodynamic properties arthe unit cell, the A-site cations are positioned at the centers
carried out using the Tran-Blaha modified Becke-Johnson posf the cubes, the B’ cations occupy the cube corners (ver-
tential (TB-mBJ) with spin-orbit coupling (SOC) included, tices), and the B cations are located at the midpoints of the
ensuring a more accurate description of the band structureube edges. This geometrical configuration corresponds to
The study is conducted in the cubic phase of the compoundhe highly symmetric space group Fm-3m (No. 225). The
corresponding to the space group Fm-3m (No. 225). To deBrillouin zone of the cubic lattice includes high-symmetry
termine the equilibrium structural parameters, we apply theoints such a¥ at (0, 0, 0), L at (1/2, 1/2, 1/2), and W, which
Murnaghan equation of state, generating an Energy-Volumées at (1/2, 1, 0) in reciprocal space.

3. Results and discussion

3.1. Wien2K simulation
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TABLE |. Lattice parametersd), bulk modulus (GPa), derivative B’, minimum total energy (Ry), and GAP (eV) using PBE-GGA.

Compound a (A) V (a.u?) B (GPa) B’ Eot (Ry) GAPsca-ree (V) Ref.
Cs,PbSnBsg 11.9030 2845.1328 18.8788 4.6959 -116656.653753 1.2 This work

Cs;Sclinlg 12.15 2074.7500 17.95 0.95 [25]

Rb,Sclnlg 12.12 2449.7600 18.85 0.90 [25]
Cs,CaGe} 12.26 3112.7900 16.1551 4.6037 -122149.836581 2.82 [26]
Cs:ZnPbBg 11.3451 2463.5850 22.9608 4.8664 -107890.582888 1.727 [27]
CsZnPbC} 10.7643 2104.2488 27.8476 4.7126 -82148.981671 2.472 [27]

The cubic unit cell contains a single formula unit of the
compound, with atomic positions defined by specific Wyck-
off sites: Cs occupies the 8c position at (0.25, 0.25, 0.25), Pb
is located at 4a (0, 0, 0), Sn at 4b (0.5, 0.5, 0.5), and Br atoms
are distributed over the 24e sites with fractional coordinates [
(0.25230039, 0, 0) Figs. 1a), 1b). This well-defined crys-
tallographic configuration provides the foundation for ana-
lyzing the compound’s structural stability and its subsequent i
electronic and optical behavior. (

To determine the ground-state properties of the
Cs,PbSnBg compound, we performed self-consistent cal-
culations by solving the Kohn-Sham equations within the
framework of density functional theory. These calculationsFIGURE 2. Electron density map of the double perovskite
allowed us to evaluate the total energy as a function of th&s:PbSnBe.
unit cell volume. The corresponding results are presented in )

Table I. The optimized structural parameters, including thg©gions correspond to low electron density. As observed,
lattice constant, bulk modulusB, and its pressure derivative there is a significant electron accumulation around the halide
B', were extracted and are listed in Table I. These values arfr) atoms, indicating their high electronegativity and strong

compared with theoretical data from other calculations to astendency to attract charge from neighboring metal cations.
sess the reliability of our computational approach, as showrd "€ Pb-Br and Sn-Br bonds exhibit moderate electron shar-
in Table |. The energy-volume data obtained from structurai"@, consistent with a mixed ionic-covalent bonding charac-

optimization were fitted using the Birch-Murnaghan equationt€f, Which is typical of halide perovskites.

of state [24], and the resulting — V' curve is illustrated in Moreover, there is a vertical overlap between the cesium

Fig. 2. The Murnaghan equation is expressed as follows; ~@nd barium atoms, and as can be seenin Fig. 1, there is a bond
between the cesium atoms and the rest of the atoms which
2 3
Vo\*®
—) -1
()

cesium plays a structural role as a charge-balancing monova-

9VyB A o
E(V)=Ey+ ( 106 0) { B, lent cation. The charge localization near Sn and Pb centers
suggests different extents of hybridization with Br-p orbitals,
2 2 2 which may influence the electronic band structure and carrier
+ (VO) 1| l6-4 (VO> (1) effective masses, parameters critical for photovoltaic perfor-
14 4 mance.

This charge density confirms the structural stability of the

Table | shows that a higher bulk modulds indicates  gptimized CsPbSnBg lattice but also supports the presence
greater compressive strength. This increase in compressivg semiconducting behavior.

strength correlates directly with enhanced material hardness,

signifying improved resistance to mechanical deformation3 1 2. Electronic properties

such as indentation, scratching, or penetration [28]. Figure 2

shows a 2D slice with atom labels and colored contours repThe electronic properties play a critical role in defining the

resenting the electron distribution in the unit cell. The figurefunctional behaviour of this material, particularly in photo-

displays a 2D contour plot of the charge density, projectedroltaic applications. These properties govern light absorption

onto a specific crystallographic plane intersecting Cs, Pb, Sracross various wavelengths and the subsequent generation of

and Br atoms. electron-hole pairs, processes fundamental to solar cell per-
The charge density is represented by a color gradienformance. Given their importance, it is essential to ensure a

where red regions indicate high electron density and bludigh degree of accuracy in the calculation of electronic char-
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FIGURE 3. a) Electronic band structure and b) total and partial density of states (TDOS and PDOS) of RS aBg compound calculated
using the TB-mBJ potential with spin-orbit coupling (SOC).

acteristics. As previously noted, we employ the (TB-mBJ) in3.1.3. Optical properties
combination with (SOC) to achieve a more precise estima-

tion of the band gap, in closer agreement with experimental € optical characteristics of a material are critical in de-
results. termining its suitability for optoelectronic applications. To
gain a better understanding of the interaction between the
band gap of 1.63 eV, with the valence band maximum Iocate('inaterlal an_d elec_tromagnetlc radiation, we computed its opti
. . S - - cal properties using the Tran-Blaha modified Becke-Johnson
near the Fermi level. This proximity facilitates efficient elec- . . .
N . TB-mBJ) exchange potential. Figure 4 presents the impor-
tron transfer at material interfaces, enhances carrier generg: . . . : .
. , ant optical response functions, including the complex dielec-
tion, and lowers the energy threshold required for electron ex-. ; . . o
o ; ; X tric functionep(w) = €1 (w) + iex(w), absorption coefficient
citation, key factors for improving photovoltaic performance AT ; .
. . a(w), refractive indexn(w), optical loss functior’.(w), and
[19,29]. The conduction band of €BbSnB§ is composed of L ) : . /
- S . reflectivity R(w). Complex Dielectric Function ep: The
three distinct sub-bands, each exhibiting a unique curvature . . . .
. ) complex dielectric functions s (w) = €1 (w)+ie2(w), charac-
that corresponds to a different effective mass for the chargg_. L
. ; - i ) erizes the frequency-dependent response of a material’s elec-
carriers Fig. 3a). These variations in curvature lead to differ; o . -
. o . . _trons to incident electromagnetic radiation for,€bSnBg,
ences in electron mobility across the sub-bands, directly in: ; ; : - !
. . > ... the real part; (w) is associated with the material’s polariza-
fluencing the speed and efficiency of charge transport within). L
. o tion response and is inversely related to the band gap energy
the material [30]. Such band structure characteristics are pat- . . . -
. . ¢, consistent with the Penn model [32]. The imaginary part
ticularly advantageous for photovoltaic and photodetector ap-

plications, as they promote rapid charge separation and facif?f(;;)e’ %r;:gﬁa?tgsé hig?\’tigg“sscr:l)tﬁssttrr:; albsi(t)rigtfrgcgzhv?i\t”hor
itate efficient carrier collection. Furthermore, the presence o g gy

. . . - “electromagnetic waves at various photon energies. As shown
multiple conduction sub-bands enables the material to mteri-n the spectral profile [Fig. 4a)], both the real and imaginar
act with a broader range of photon energies [31]. P P 9. ’ gihary

components of the dielectric function begin to rise at approxi-
Electrons can be excited into different energy Ievelsmate|y 1.5 eV (corresponding to a wavelengtho$26 nm),
within the conduction band depending on the incident phOtO'Peaching their respective maxima around 3.0 eV4(3 nm).
energy, thereby improving light absorption and contributinggeyond this peak, a gradual decline is observed, followed by
to enhanced utilization of the solar spectrum. This complexyscillatory behavior in the ultraviolet region. This spectral
ity in the electronic structure supports higher overall devicesyglution indicates that the GBbSNB; compound exhibits
efficiency and underscores the material's potential for highstrong optical activity within the visible range, suggesting its
performance optoelectronic applications. high potential for optoelectronic applications, particularly in
The density of states (DOS) illustrated in Fig. 3b) rein- photovoltaic and photodetection devices.
forces the band structure analysis, showing that the valence Absorption Coefficient a: The excitation of an electron
band maximum is dominated by Br-p states, with hybridizedfrom the valence band, across the band gap, to the conduction
contributions from Pb-p and Sn-p orbitals, consistent with theband and into unoccupied (empty) states requires the absorp-
electronic structure of halide double perovskites. Meanwhiletion of photons with sufficient energy. The absorption coeffi-
the conduction band features a more intricate hybridization ofient,«(w), is a critical parameter that quantifies the amount
atomic orbitals, reflecting the complex electronic interactionsof optical power absorbed per unit length as electromagnetic
within the crystal structure. radiation propagates through a material.

As illustrated in Fig. 3, the compound exhibits a direct
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FIGURE 4. a) Dielectric functions, b) Absorption coefficient, c) Loss factor, d) Refractive index, and e) ReflectivitylebSsBg.

The absorption spectrum of €BbSnBg, presented in characteristics reflect the material's strong interaction with
Fig. 4b), reveals anisotropic optical behavior across the exhigh-energy photons.
amined energy range. The absorption onset begins around Reflectivity R(w): The reflectivity spectrum of
1.6 eV (corresponding to a wavelength~of774 nm), which ~ Cs,PbSnBg, shown in Fig. 4e), reveals a relatively low re-
corresponds to the band gap, indicating the material’s initiaflectance, not exceeding 0.45% from 0 to 12 eV. This low
interaction with incident photons in the near-infrared region.reflectivity is characteristic of semiconducting materials with
A pronounced absorption peak is observed at approximatelgtrong photon absorption and minimal surface reflection. The
3.5 eV (~ 345 nm), marking the first major optical transi- combination of a high absorption coefficient, promising elec-
tion. Additional absorption edges are visible at 5 and 9 eVtronic conductivity, and low reflection confirms the poten-
followed by a series of distinct successive peaks extending ugial of Cs,PbSnBg for energy-related applications, particu-
to 14 eV, indicating strong and complex optical transitions inlarly in photovoltaic and photodetector devices, where effi-
the ultraviolet (UV) range. This high absorbance in the UV cient light harvesting and minimal optical losses are critical.
region suggests that ¢RbSnBg is an auspicious material The analysis of the optical properties of BHSNBg
for ultraviolet photodetection and sensing applications. reveals enhanced performance in comparison with certain

The optical loss function, L(w), characterizes the en- other pe_rovskite materi_a!s, particularly in terms of s_trong uv
ergy loss of fast electrons traversing a material and providegbsorpt'on’ low reflec_:t|y|ty, and favorable dielectric behav-
insights into plasmonic and interband transition behavior. AJC"- These characteristics suggest that the compound holds
shown in Fig. 4c), the optical energy loss for,€5SnBj promise for optoelectronic and energy-related applications.

remains relatively low throughout the visible spectrum, notl_n the_foII(_)yving study, we .Wi” further investigate it_s poten-
exceeding a value of 0.3. This indicates minimal energy dis:ual s_wtablllty fpr solar ce_II |ntegrat|on through detailed elec-
sipation and high optical efficiency within the visible range.mmIC and device-level simulations.

However, in the ultraviolet region, the loss function reaches

a peak of approximately 0.6. This trend suggests that whil@-1-4- Elastic properties

the mgtg rial maintains IOW'.IOSS behavior in t_he V'S_'b_le raNG€ e astic constants are essential for evaluating a material’'s me-
beneficial for optoelectron_|c performar_1ce, It exh!b|ts MOY€ hanical behavior and its ability to resist deformation un-
pronounced energy _Ios_s in the ultraviolet, consistent WIﬂher external stress. Specifically, the second-order elastic
strong electronic excitations. constants &, Ci2, and G4 provide valuable insights into
The variation othe refractive index, n(w), as a function  the structural stability, interatomic bonding strength, and
of photon energy for GPbSnBg is presented in Fig. 4d). Its anisotropic mechanical response of the material. For cubic
value in the visible ranges from 0.48 at 300 nm to 0.02 atrystals, these three independent constants are sufficient to
900 nm, with a resonance peak at 326 nm and a maximurfully characterize the elastic response.
value of 1.2, indicating strong dispersion behavior typical In this study, the IRLASE package integrated with the
of semiconducting materials. In the ultraviolet (UV) region, WIEN2k code was employed to calculate the elastic con-
n(w) exhibits oscillatory behavior with alternating increasesstants of CsPbSnBg. The computed values of ¢, Cis,
and decreases, reaching its highest value near 100 nm. Themsed C, are listed in Table 1. According to the Born stability

Rev. Mex. Fis72031001
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ture. The resulting trends, which provide insight into the
TABLE Il. Elastic parameters for GRbSnBg. thermoelectric performance and energy-conversion potential
of Cs,PbSnBg, are presented in Fig. 5.

Parameter GPbSnBy Figure 5a) shows the variation of the electrical conduc-
Ci1 - Ci2 (GPa) 83.742 tivity scaled by the relaxation timer(r) of Cs,PbSnBg as
Ci1 +2Ci2 (GPa) 100.199 a function of chemical potentiali(— ) at different temper-
Ca4 (GPQ) 10.527 atures (300 K, 350 K, 500 K, and 600 K). The results reveal
Voigt Bulk Modulus (GPa) 33.399 that the electrical conductivity exhibits multiple peaks as the
Reuss Bulk Modulus (GPa) 33.399 chemical potential shifts across the energy, as increasing den-
Voigt Shear Modulus (GPa) 23065 sity Qf states in bot_h the valence and conducpon bands play a
Reuss Shear Modulus (GPa) 15.026 role in th.at. In particular, the double perovskite,EbSnBg, .
) the relatively steep edge of the valence band plays a crucial
Hill Shear Modulus (GPa) 19.046 role in enhancing conductivity, as the density of states rises
Voigt Young Modulus (GPa) 56.246 rapidly just below the valence band maximum. This steep
Reuss Young Modulus (GPa) 39.200 gradient in the density of states near the Fermi level leads
Hill Young Modulus (GPa) 48.011 to a high concentration of thermally excited charge carriers,
\oigt Poisson’s Coefficient 0.219 thereby promoting electrical conductivity [38]. Furthermore,
Reuss Poisson’s Coefficient 0.304 in the conduction band_reg|on petween 1._7 ar_1d 6 eV, TDOS
S ) - increases markedly, with dominant contributions from Pb-
Hill Poisson’s Coefficient 0.260 . S - .
) _ p and Sn-p orbitals and additional hybridization with Br-p
Transverse Elastic Wave Velocity (m/s) 1949.242 states (Fig. 3). This increase in TDOS accounts for the pro-
Longitudinal Elastic Wave Velocity (m/s) 3424.778 nounced peak in electrical conductivity scaled by the relax-
Debye Temperature (K) 196.304 ation time ¢ /7) observed at approximately 2 eV, as shown
in [Fig. 5a)].
criteria for cubic systems [33], & > 0, Ci1 + 2C12 > 0, Furthermore, the involvement of multiple conduction
and G; — C12 > 0, the compound satisfies all conditions, bands with different band curvatures (Fig. 3-a) enhances car-
confirming its mechanical stability. rier velocities by providing transport channels with varying

Additionally, various macroscopic elastic moduli, includ- effective masses, which further contributes to the overall in-
ing the bulk modulus, shear modulus, and Young's modulusgrease in electrical conductivity [39]. As the temperature
were derived using standard elasticity relations as detailed imcreases, the /7 curves broaden slightly but maintain the
Ref. [34]. These parameters further contribute to understandsame overall profile, suggesting that the electrical conduc-
ing the mechanical resilience and potential applicability oftivity in Cs,PbSnBg is moderately temperature-dependent

Cs,PbSnBg in structural and optoelectronic devices. within this range, and the ability of perovskites to withstand
high temperatures is also noteworthy.
3.1.5. Thermoelectric properties Figure 5b) illustrates the variation of the Seebeck coeffi-

, ) . . , . cient S (VIK) as a function of chemical potentiali(— er)
In this section, we mvc_astlgate the thermoelectnc propertiegitn the different temperatures, for the double perovskite
of the dguble perov§k|te GBbSnBg§ using the BoltzTraP Cs,PbSnBg. The Seebeck coefficient exhibits a pronounced
module interfaced with the WIEN2k package. The calcu-peak centered near the Fermi level{ ez ~ 0 eV), reach-

lations are performed within the framework of the semi-ing a maximum value of approximately (0.0016 V/K). The

classical Boltzmann transport theory under the constant res, e demonstrates clear symmetric behavior concerning the
laxation time approximation [35]. In this approach, the Boltz- pory jevel, which is characteristic of semiconductors. As

TraP code applies the finite-temperature thermal smearing §f, temperature increases, the magnitude of the peak slightly
the Fermi-Dirac distribution to the DFT-derived electronic yiminishes. which can be attributed to enhanced carrier dif-
band structures to evaluate the thermoelectric transport Cqsion and thermal broadening, a typical effect of increased
efficients [36]. All transport quantities are obtained from en-|yice vibrations and carrier scattering at elevated tempera-

ergy integrals of the form: tures. This behavior is indicative of p-type transport, where
hole conduction dominates. For higher chemical potentials,
of(E,T) . . ,
E (B) (- OF ) (2)  especially those deep in the conduction band.

Figure 5c¢) shows the Power Factor vs Chemical Poten-
where 3(E) represents the transport distribution func-tial at different temperatures’(= 300 K, 350 K, 500 K,
tion [37]. 600 K). The power factor exhibits a highly asymmetric be-
The key thermoelectric parameters-including the electrihavior around the Fermi level; multiple sharp peaks in the
cal conductivity normalized by the relaxation time/¢), the  power factor are observed, suggesting resonant energy levels
Seebeck coefficient, and the power factor (PF) are calcu- or DOS features that enhance carrier transport. With increas-
lated as functions of both chemical potential and temperaing temperature, the peaks broaden and slightly decrease in
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FIGURE 5. Thermoelectric Transport Properties of:€6SnBg: a) Electrical conductivity, b) Seebeck coefficient, ¢) Power factor and
d) Magnetic susceptibility, as a function of chemical potential for different temperatures.

amplitude. At 300 K, the peaks are sharper and higher; at 600
K, they are slightly flatter. This broadening is typical due Ruige
to thermal smearing of the Fermi-Dirac distribution, which
reduces the sharpness of carrier distribution near the energy
bands [40]. The PF in the order ®0'? (a.u.) indicates this

material can achieve high thermoelectric performance, espe- \/

cially under optimized p-type conditions.
Figure 5d) depicts the variation of the magnetic sus- K

ceptibility ¥ (m?/mol) as a function of chemical potential

for Cs,PbSnBg at different temperatures. The graph re-

veals several peaks and valleys in susceptibility, indicating a

strong dependence on the electronic structure near the Fermi '

level. The most significant peaks occur in the region around/GURE 6. Schematic diagram of FTO/ETL/Perovskite/HTL het-

1L — ep ~ —2 1o —4 eV, wherey reaches values close to erojunction solar cell.

3 x 10~ m3/mol. These peaks correspond to high DOS

near the valence band and suggest enhanced paramagnefio.  solar cell simulation

response due to increased carrier availability in those energy

regions. The overall susceptibility curve remains relativelyAfter completing the DFT calculations, we proceed to eval-

stable across the temperature range, indicating that electronirate the device-level photovoltaic performance of the dou-

structure rather than thermal effects primarily governs magble perovskite compound ¢BbSnBg using the SCAPS-1D

netic response in this material. This behavior points to asimulation software. As depicted in the Schematic Diagram

diamagnetic to weakly paramagnetic nature ofR¥sSnBg,  (Fig. 6), the heterojunction architecture consists of a trans-

with the peaks in susceptibility associated with localizedparent conductive oxide (FTO) layer, an electron transport

electronic states or band edge effects. layer (TiG), the perovskite absorber we study, and a hole
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A COMPREHENSIVE DFT AND SCAPS SIMULATION STUDY OF THE STRUCTURAL, ELECTRONIC, ELASTIC, OPTICAL,... 9
TaBLE Ill. Physical parameters employed in our solar cell simulations.
Parameter HTL (CBTS) G#bSnBs ETL (TiO>) FTO
Layer thicknessgm) 0.1 Varied 0.05 0.3
Dielectric constantd) 5.4 3.65 9.00 3.50
Band gapE, (eV) 1.9 1.65 3.20 4.00
Electron affinityy (eV) 3.6 4.54 4.10 9.00
Effective conduction band densify. (cm™3) 2.2 x 10*® 2.44 x 10'7 2.0 x 10*® 2.20 x 108
Effective valence band density, (cm™?) 1.8 x 10*° 3.71 x 10*° 1.8 x 10*° 1.80 x 10*°
Electron mobilityz. (cm? V~1s71) 30 1351 20 20
Hole mobility i, (cm? V=1 s71) 10 132.8 10 10
Shallow uniform donor densitV, (cm™3) — 0 9.0 x 10*¢ 1.00 x 10%*
Shallow uniform acceptor density,, (cm™?) 1.0 x 10'8 1.2 x 106 — —
Defect densityV; (cm™3) 1x10*° Varied 1x 10*° 1x10*°
Reference [41] Calculated [42] [43]

transport layer (CBTS), forming the complete device stack. The J-V response shows a typical diode-like behavior
This part aims to bridge the gap between fundamental mawith a steep increase in current as the voltage exceeds the
terial properties and practical solar cell design by assessuilt-in potential. The highl,:: The x-intercept suggests
ing how effectively CsPbSnBg can function as an absorber a high open-circuit voltage, consistent with earlier analysis,
layer in a complete photovoltaic device. To achieve this, wewhich reported values around 1.61 - 1.62 V, indicative of low
extract and calculate the necessary parameters for the simeecombination and favorable band alignment.
lation, as shown in Table III. Then the highJs. vertical intercept implies a strong pho-
togenerated current, suggesting efficient light absorption and
carrier collection, in line with the predicted 22 mA/cm?
) ) ) o from the previous simulation. The combination of high
Figure 7a) illustrates the simulated variation of the open-y, - j.. and sharp forward-bias behavior confirms the ma-
circuit voltage {oc), density of current.(s,), fill factor (FF),  teriars promise for high-efficiency lead-reduced perovskite
and power conversion efficiency (PCE) as a function of theg|ar cells. This performance is indicative of favorable inter-
Cs,PbSnBg absorber layer thickness, using the SCAPS-1D 45| energetics, optimized absorber thickness, and effective
From the curves, it is evident that increasing the absorbe&harge carrier dynamics.

layer thickness from 0.Lim to 1.Qum leads to significa_nt The quantum efficiency (QE) spectrum of the heterojunc-
performance improvements, particularlyig and PCE. This 51 device in Fig. 7c). Quantum Efficiency (QE) shows

trenq can be at'tributfad to.the enhanced light ab;orption _anme percentage of incident photons at a given energy that
carrier generation with thicker layers. As the thickness in-are converted into charge carriers (electrons or holes) col-
creases, more photons are absorbed, leading to a higher nujggteq by the electrodes [44]. We observe that the quan-
ber of electron-hole pairs, which directly contributes to theym efficiency in the infrared is low, almost zero, followed
increase inJs; from PCE = 13.7% t0 31.8% anflc = 11.6  py 3 sharp increase up to 100% in the visible spectrum, and
mA/cn to 22.6 mA/cp%. , o , then by a gradual decrease in high-energy photons (UV). The

TheVoc shows asslight increase with thickness going fromgh gy rise confirms the direct bandgap nature and highly effi-
1.57 to 1.61 V. This subtle variation indicates that the b”'lt'cient absorption, as well as efficient charge separation, im-
in electric field and recombination mechanisms are relativelymymg good heterojunction band alignment between sTiO
stable with thickness. The fill factor (FF) also improveSCsszSnt, and CBTS.
rapidly in the thin-film regime (0.1 - 0.3m) before satu-
rating at 86.7%, indicating enhanced charge extraction effi3 2 2 |mpact of defects in gBbSnBg and interfaces on
ciency and lower series resistance with increasing thickness. the device

Considering the four variables, the ideal thickness of
Cs,PbSnBg lies at 0.7um. This result highlights the strong We will study the effect of the double perovskite defect and
potential of CsPbSnBg as an efficient lead-reduced ab- the defect of each of the two interfaces, 7i0s,PbSnBg
sorber in thin-film photovoltaic cells. Figure 7b) displays theand CsPbSnBg/CBTS.
current-voltage (J-V) characteristic under standard illumina- Looking at Fig. 8a), we observe that the effect of de-
tion conditions (AM1.5G, 1000 W/R) for the heterojunction  fect density on the photovoltaic parameters of the heterojunc-
solar cell. tion cells indicates that the device maintains excellent perfor-

3.2.1. Effect of absorber layer thickness
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mance at low absorber defect densities, With, Js,, FF,  threshold, trap-assisted recombination becomes significant,
and PCE remaining almost constant up to approximatelgausing a pronounced decline 3. and FF, whileJg. ex-

10'3 cm™3. In this range, minimal recombination ensures hibits only a slight reduction. This degradation leads to a

efficient carrier collection and a power conversion efficiencysharp drop in PCE, reaching around 19% at a defect den-
close to 30%. However, as the defect density surpasses thiity of 10'® cm—3. These results highlight that €RbSnBg
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demonstrates good defect tolerance at moderate concentra-10% cm~2 to 19% at10** cm~2, driven mainly by the re-
tions, being able to withstand defect densities upl@’ duction inV,. andJs.. The reason is that double perovskite
cm~3 while still maintaining good efficiency. devices with tin (Sn) substitution show a significant drop in
Figure 8b) shows the impact of CBTSKE%SnBg inter-  power conversion efficiency (PCE) on the order of 30 - 40%
face defect density, where we notice that there is sensitivityhen the defect density at the interface exceeds abwdt
of the device performance to interface quality. At low defectto 102 cm—2 [45].
densities (0% — 10° cm~2), the device maintains higho.
(1.4 V), Jsc (21 mA/cn?), and efficiency (24%), with only Figure 8c) illustrates the impact of the fL£HSnBE/ETL
slight variations in FF (83%). As the defect density increasedterface, showing that the photovoltaic parameters remain
beyond10® cm~2, V. begins to decline due to enhanced in- nearly constant over defect densities ranging frodd to
terface recombination, whilds. also decreases gradually as 10'* cm~2. The invariance of these parameters indicates high
carrier collection is impeded. Interestingly, FF remains rela-defect tolerance at the ¢BbSnBg/TiO, interface. This sta-
tive|y stable or S||ght|y improves, suggesting that the pr|maryb|||ty can be attributed to favorable band alignment, efficient
impact of interface defects is on recombination rather tharfharge separation, and robust electron extraction by, TiO
resistive losses. The PCE shows a significant drop from 259%hich collectively suppress recombination losses at moder-
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ate defect levels. These findings are consistent with previousation of density functional theory (DFT) calculations and
studies on double perovskites and ETL materials, where th8 CAPS-1D simulations. The results highlight the excep-
quality of the absorber bulk and the TiGnterface has been tional potential of CsPbSnBg as a high-performance ma-
identified as key factors in performance optimization [46,47].terial for photovoltaic applications compared to other per-
ovskites. Structural analysis confirmed its cubic Fm-3m sym-
3.2.3. Impact of temperature, series and shunt resistancesietry with excellent mechanical stability, as validated by
in PSC elastic constants and the Born stability criteria. The elastic
N - modulus (18.88 GPa) and other derived elastic parameters
The plots in Fig. 9a), 9b) show the variation of PCE, FF.iyicate good resistance to deformation, making it suitable
‘].SC’ and Vo, with temperature (2_80'350 K). PCE remains ¢, joyice integration. The electronic structure, calculated
highly stable, decreasmg only slightly from 25.5% at 280 Kusing TB-mBJ + SOC, revealed a direct bandgap of 1.63 eV,
t0 25.0% at 350 K'.FF Increases from 79% to 83.5%, III(elyideal for light absorption and harvesting. The calculated opti-
,due to reduced series reS|stance_ and gnhanced charge mOk&uﬂ properties confirmed strong light absorption, particularly
ity at elevated temperatqres]sc rSes slightly from 280 K for photons in the visible spectrum and high-energy photons,
to ??20 K befpre decreasmg at hlg.h'er temperatures, a trerﬁong with low reflectivity and suitable dielectric behavior.
attnbut_ed to improved carrier mOb'“t_y and modest bandgap]-he thermoelectric properties indicated good thermal stabil-
narrowing [48]_' Voc decreases steadl_ly from _1'51 Vio 1'39 ity, strong performance at elevated temperatures, and favor-
V with increasing temperature, consistent with thermally 'N-able carrier transport characteristics. SCAPS-1D simulations
d_uced bandgap Sh'_f,ts' Overa!l, the cell demonstrgtes EXCeRGNfirmed outstanding solar cell performance, with a power
tional thermal stability, reflecting low defect density, favor- conversion efficiency (PCE) reaching 31.8% under optimized
able band alignment, and efficient carrier transport, corrobog - itions (absorber thickness of Qufh). Key parameters
r_ating the conclusions drawn_ from Fig. 5 regarding the mate;, .juded a high open-circuit voltagdg, — 1.61 V), short-
nal’slstrong tempgrature reS|I|er1ce. . . circuit current density fsc ~ 22.6 mA/cn?), and fill fac-
F|gyre 9c), d) illustrates the impact of series resistaiice . (FF = 86.7%). The quantum efficiency (QE) approached
on dewce'performance. A3, Increases .from.2to 19- cn?, 100% across the visible spectrum, demonstrating excellent
F.)CE. declines from 25.4% to 20.8%, primarily due to a reduc'charge carrier generation and collection efficiency. The dual
tion in FF from 82% to 66%.J5; decreases only marginally functionality of the material in both photovoltaic and thermo-

(21.27 — 21.24 mA/enf), while Voc rem_aing ”e"’?“y CON-  glectric devices opens promising avenues for hybrid energy
stant ¢ 1.5 V). The performance loss is primarily due to harvesting systems

increased resistive and recombination losses at hiBheal-

ues. Elevated?, may result from poor electrical contact at

the CBTS/CsPbSnBy interface, exacerbated by high defect Acknowledgement
densities at the interface.
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4. Conclusion

This work presents a comprehensive study of the novel dou-
ble perovskite C&”bSnBg, carried out through a combi-
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