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ABSTRACT 

Lead-tin (Pb–Sn) mixed halide perovskites show potential for single-junction and tandem 

solar cells due to their adjustable bandgaps, flexible composition, and superior environmental 

stability compared to three-dimensional (3D) perovskites. However, they have lower power 

conversion efficiencies. Understanding band alignment and charge carrier dynamics is 

essential for enhancing their photovoltaic performance. In this view, herein we have prepared 

thin films of mixed Pb-Sn based 2D Ruddlesden-Popper (RP) perovskite BA2FA(Pb1-xSnx)2I7 

using a solution-based method. XRD study revealed the formation of orthorhombic phases for 

Pristine (BA2FAPb2I7) and mixed Pb-Sn perovskite thin films. UV-Vis analysis showed that 

different n=2 and n=3 phases are present in the Pristine Sample. In contrast, Pb-Sn doped-

based samples showed no signature of other phases with a prominent red shift in the visible 

spectral region. Cyclic voltammetry showed peaks for electron transfers at band edges. 

Additionally, electrochemical and optical bandgap matching was observed, along with 

decreased peak intensity due to less reactant and altered electrolyte-perovskite interface 

stability. DFT calculations revealed that the reduced bandgap is due to the alteration of 

electrostatic interactions and charge distribution within the lattice upon Sn substitution.  Low-

temperature PL analysis provided insights into charge carrier dynamics with Sn substitution 

and suggested suppressing higher n phases and self-trapped excitons/carriers in mixed Pb-Sn 

quasi-2D RP perovskite thin films. This study sheds light on the electron transfer phenomena 

between TiO2 and SnO2 layers by estimating band offsets from VBM and CBM, which is 

crucial for future applications in fabricating stable and efficient 2D Pb-Sn mixed perovskites 

for optoelectronic applications.

KEYWORDS

Mixed Pb-Sn perovskite, 2D Ruddlesden-Popper perovskite, temperature-dependent 

photoluminescence, Self-trapped excitons, lead-free perovskites.
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INTRODUCTION

The last few years have witnessed rapid growth and development in hybrid halide perovskite 

thin films. This emergence began from 3D perovskites, as they possess remarkable electronic 

and optical properties1 such as high defect tolerance2,3, solution processibility4,5, excellent 

charge transport6,7, light harvesting capability8,9, high absorption coefficient10,11, long carrier 

diffusion12,13. Despite these advantages, they also have inherent instability issues resulting 

from ion migration and moisture erosion1,14. However, 2D RP Perovskite has shown exciting 

characteristics because of its layered structure obtained by introducing a significantly larger 

(than ordinary cations) A’ cation called as spacer cation between inorganic octahedral slabs of 

BX  14. These types of arrangements show excellent ambient stability, outstanding device 

performance, large exciton binding energies, and quantum and dielectric confinement 

effects15–19. The general formula of 2DRP is (A’)2(A)n-1BnX3n+1 where A’ is a monovalent 

organic spacer cation (Ex: - BA+ = n- butylammonium), A is monovalent organic cation (Ex: - 

FA+ = Formamidinium), B is divalent metal cation (Ex: - Pb2+, Sn2+), X is Halide anion (Ex: - 

I-) and n is the thickness of inorganic octahedral slabs20.

Compared to 3D perovskites, the 2D perovskites (n = 1) possess strong dielectric and 

quantum confinement, preventing out-of-plane charge carrier transport. However, as the value 

of n increases, a significant improvement in the photophysical properties of quasi–2D 

perovskite (n > 1) is observed, leading to excitonic effects and opulent excitonic physics21. 

Low exciton binding energy (Eb) in 3D perovskite leads to exciton dissociation at room 

temperature; thus, small radiative recombination efficiency is observed. The 2DRP 

counterparts show improved radiative recombination because of the high exciton binding 

energy22. Metal Halide Perovskites (MHPs) based solar cells are categorized into three 

sections: lead-based, mixed lead-based, and lead-free perovskites. The lead-based perovskites 

have shown improved efficiency from 3.8%23 to 26.1%24. Till now, most of the research has 

been focused on Pb-based perovskites, but as Pb is toxic, there is a continuous urge to find an 

alternative of lead–free or mixed lead-based perovskite materials. Among them, Pb-Sn mixed 

perovskites are the only alternative with a bandgap in the desired range and performance 

close to lead-based perovskites. Additionally, these  perovskites have shown ideality for 

developing single-junction devices, and the toxicity has also been reduced for Pb-Sn mixed 

perovskites25. 



4

Proper alignment and low energy band offset between perovskite and charge transport layers 

are crucial for efficient charge collection. Metal oxides such as TiO2 and SnO2 have great 

potential due to their excellent properties, like CBM alignment with perovskites with low 

energy offset, transparency, and high mobility, producing highly efficient and stable 

perovskite solar cells. For instance, meso-TiO2 is reported to be a highly stable and efficient 

ETL, reaching record efficiency. However, the low electron mobility compared to SnO2 limits 

its application for further improvement. Nowadays, SnO2 has been widely used as ETL for 

planar perovskite solar cells.  Yuhei Ogomi et al. reported for the first time the Pb-Sn mixed 

perovskite where they confirmed Pb-Sn mixed perovskites as a competitive light-absorbing 

material26. Several reports have shown higher carrier diffusion lengths and lifetime for Pb-Sn 

mixed perovskites. A few years back, Pb-Sn mixed perovskites reported an increase in a 

lifetime up to 9µs27. Siyi Xian et al. reported that preparing a defect-free quasi-2D perovskite 

film with outstanding photoelectric properties is challenging due to unavoidable defects; they 

showed BA2FAPb2I7 as a photo-responsive material. Additionally, it showed lesser trap 

density, higher carrier mobility, and effective light capturing. They have also reported 

different excitonic and defect state emissions via temperature-dependent photoluminescence 

spectroscopy28. Yi Yang et al. revealed that Sn, possessing similar properties to Pb, exhibits 

smaller bandgaps, lower exciton binding energies, and higher carrier mobility 29.   

In this work, we have demonstrated an approach for replacing Pb with Sn in a stoichiometric 

ratio for the material BA2FA(Pb1-xSnx)2I7 (x = 0, 0.25, 0.50). A facile solution-based synthesis 

approach is used, which involves one-step spin coating followed by annealing30. An obvious 

lattice contraction is observed on the partial substitution of Pb with Sn. It was also found that 

the large n phases were suppressed by incorporating Sn. Temperature-dependent 

photoluminescence, time-resolved photoluminescence spectroscopy, and cyclic voltammetry 

techniques were employed to interpret the samples' charge carrier recombination kinetics, 

electronic band structure, and electronic band gap. It is found that lead-rich 2DRP thin films 

exhibit the self-trapped excitons. However, the incorporation of Sn reduced the STE 

emissions. The potential of the prepared BA2FA(Pb1-xSnx)2I7 2DRP material is evaluated for 

optoelectronic applications by calculating energy band offset with ETLs.
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EXPERIMENTAL METHODS, MATERIAL CHARACTERIZATION, AND 

COMPUTATIONAL METHODS
Materials  

All the chemicals were of analytical reagent grade with high purity. n-Butylammonium Iodide 

(BAI, 99.9%), Formamidinium Iodide (FAI, 99.9%), Lead Iodide (PbI2, 99.9%), Tin Iodide 

(SnI2, 99.9%), Tetra butyl ammonium perchlorate (TBAP 99.9%) Ferrocence, 

Dichloromethane (DCM), 0.5 µm Al2O3 powder, Toluene, Titanium VI isopropoxide(TTIP) 

(Ti[OCH(CH3)2]4 99.999% purity, Sigma-Aldrich, Tin(IV) oxide, 15% in H2O colloidal 

dispersion Thermo Fischer, Titania Paste(Sigma Aldrich), Dimethyl Formamide (DMF, 

99.8%), Dimethyl Sulfoxide (DMSO, 99.9%), Chlorobenzene were purchased from Sigma-

Aldrich and were used as received.

Synthesis of Quasi-2D perovskites

Corning glass is used as the substrate for the deposition of thin film, which was ultrasonically 

cleaned using distilled water, acetone, and isopropyl alcohol successively, followed by dry 

cleaning with nitrogen gas before transferring it into the glove box.  The precursor solution 

was prepared in a mixed solvent of DMF and DMSO (3:2, V/V) with 0.31 M BAI, 0.16 M 

FAI, and 0.31 M PbI2 and the appropriate amount of SnI2 were used to prepare BA2FA(Pb1-

xSnx)2I7 (n=2). To prevent oxidation of Sn2+ to Sn4+, SnF2 (10%) was added. The precursor 

solution was spin-coated at 4000 rpm for 30 secs on cleaned corning glass. Antisolvent 

chlorobenzene (300 µL) was added during the last 5 seconds of the spinning process. Lastly, 

the thin films were annealed at 100 ˚C for 30 mins30. The whole process is carried out in the 

glove box. Shown in Figure S1

Structural, Optical, and Morphological Characterization

X-ray diffractogram of 2D perovskite thin films was performed on Bruker D8 advance (2.2 

KW, 40 mA) with Cu Kα source radiation (λ = 1.546   ) with θ - 2θ scan mode ranging from 5˚ 

to 50˚ at 2.25 degrees/min. Optical (ultra-violet) absorption spectra were recorded using 

Perkin-Elmer Lambda 1050+ spectrophotometer. The steady-state PL spectra and 

temperature-dependent PL spectra were recorded using a Horiba Fluorolog FL3 spectrometer 

with a Xenon lamp as an excitation source and a PMT detector. Time-resolved PL was 

recorded on Horiba Jobin Yuvon Fluorocube -01-NL fluorescence lifetime system under 

picosecond laser diode excitation with 405 nm as excitation wavelength, which includes 

optical pulse duration <70 ps and highly integrated picosecond PMT modules. Scanning 

electron micrographs were recorded using an Ultra55 Field Emission scanning electron 
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microscope by Karl Zeiss. Atomic Force Micrographs were recorded using the ParkNX20 

instrument in Tapping mode and using HQ: NSC15/AI BS tips. High-resolution imaging was 

done in an aberration-corrected TEM in HR-TEM mode (FEI Titan Themis) operated at 300 

kV. X-ray photoelectron spectroscopy (XPS) measurements are carried out using a PHI 5000 

VERSA PROBE III ULVAC PHI instrument (Physical Electronics, USA) to investigate each 

element's chemical environment/state. Monochromatic Al Kα radiation at 1486.6 eV is 

employed as the X-ray source. The base vacuum of the XPS chamber is maintained at a level 

above 10-9 torr. The peak position of C1s in the survey scan is compared with the standard 

value of 284.5 eV to correct for any shifts in each element's binding energy (spectral position) 

(C, N, O, Pb, Sn, I).

Electrochemical Characterization - Cyclic Voltammetry (CV)

Cyclic voltammetry measurements were conducted using an electrochemical workstation, 

specifically the Metrohm Potentiostat/Galvanostat Autolab PGSTAT 302N as per our 

previous protocol.31–34 In this setup, a commercial glassy carbon (GC) disk electrode (2-mm, 

CHI Instruments, USA), silver wire, and platinum wire loop serve as the working, quasi-

reference, and counter electrodes. Both metal electrodes (Ag, Pt wire) undergo cleaning in 

dilute nitric acid to prevent surface contamination during voltammetric measurement. The GC 

electrode undergoes cleaning with 0.5 µm Al2O3 powder and subsequent rinsing with DI 

water. Following the cleaning process, all three electrodes are dried within a custom 5-neck 

electrochemical cell under vacuum and nitrogen. The measurements are conducted under 

positive argon pressure. A pre-dried solution containing 100 mM of TBAP in 

dichloromethane (DCM, 10 mL) is introduced into the electrochemical cell through a silicone 

septum. Controlled cyclic voltammetry (CV) is recorded in the TBAP-DCM system without 

loading the as-prepared nanoparticles. Subsequently, the GC electrode is loaded with 50 µL 

of sample dispersion toluene (1 mg mL-1) and subjected to vacuum drying. A consistent scan 

rate of 50 mV s−1 is maintained for all measurements. Finally, ferrocene is used for internal 

calibration, and potentials are calibrated to standard for the normal hydrogen electrode 

(NHE). 34

Computational Details

DFT calculations were conducted using the Amsterdam Molecular Suite (AMS). 

Double Zeta plus Polarization (DZP) basis, Spin-unrestricted calculation, with GGA PBE 

pseudopotential. Multiple Pb sites were required to consider the doping of Sn ions in Pb sites 
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and different doping concentrations. Hence, 2x2x1 supercell has been adopted for all 

calculations, along with 4x4x6 k points to represent irreducible Brillouin zone for obtaining 

band structure. We performed variable cell structure optimization (VC- relax) on undoped 

(x=0) structure, and further structural optimization on doped structures was carried out using 

the optimized undoped cell.

RESULTS AND DISCUSSION
Figure 1a shows the X-ray diffractogram of thin films of BA2FA(Pb1-xSnx)2I7 (x = 0, 0.25, 0.5). 

The characteristic peaks in the XRD spectra of Sn0 at 4.29˚, 8.79˚, 13.32˚, and 27.05˚are 

correspond to the crystal’s planes (020), (040), (060), (0120) respectively. It reveals that Sn0 

crystallizes in an orthorhombic crystal structure with space group symmetry of (Cc2m). On 

incorporation of Sn in BA2FA(Pb1-xSnx)2I7, a slight shift to the higher angle was observed in the 

peak position shown in Figure S2. However, peak broadening is clearly observed in Sn25 and 

Sn50 thin films. The crystallite size and microstrain were calculated using the Scherrer 

Equation; we identified a decrease in crystallite size and an increase in microstrain and 

Dislocation density.  Additionally, the shift of peaks to higher angles suggests the presence of 

compressive strain. The effect of Sn addition on the surface morphology of the prepared films 

is investigated by FESEM, as shown in Figure 1b. The Sn0 thin films show a uniform and 

compact surface, whereas adding 25% Sn shows the explicit grains and rough surface may be 

due to the fast and uncontrolled crystallization (Figure S3 a and b). Thin films of Sn25 

contain more voids and pinholes than Sn0 and Sn50. The FESEM image of the Sn50 shows a 

uniform and compact surface compared to that of the Sn25; however, the Sn50 possesses 

some grain striations. Additionally, we have performed atomic force microscopy (AFM) of 

Sn25 thin films to verify the surface characteristics of thin films. It has been observed that the 

elemental composition of the Pb and Sn in Sn0 and Sn50 are found to be consistent with the 

stoichiometric ratio(Figure S3 c and d ). However, the Sn content in the Sn50 is found to be a 

little more. It may be observed due to adding the 10% excess SnF2. From 2D AFM images 

(Figure 1c), we can confirm that the small distinct grains are consistent with FESEM. In the 

3D topographic AFM images (Figure 1d), we can see the rough surface and roughness 

calculated to be 12.37 nm.
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Figure 1. (a) X-ray diffraction spectra, (b) Field Emission Scanning Electron Microscopy Image of 
Sn50, (c) 2D Atomic force Microscopy Image of Sn50, (d) 3D Atomic force Microscopy Image of 
Sn50.

High-resolution TEM imaging was used to understand morphological and structural 

information of samples at the nanoscale level. A Low-resolution TEM image recorded at 100 

nm is shown in Figure 2a.  The HR-TEM images of the Sn50 (Sn-Based 2d perovskite) 

sample shown in Figure 2b have lattice fringes with an interplanar distance d = 0.317 nm, 

which can be assigned to the (0120) plane, and a d =0.68 nm interplanar distance indicates 

these planes to be of (060) character, are approximately matching with the data obtained from 

XRD pattern. The concentric rings observed in the SAED pattern (Figure 2c) show the 

polycrystalline nature, and the four peaks are in agreement with the XRD analysis.      
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Figure 2. (a) Low magnification TEM image of Sn50 sample, (b) High-resolution TEM image, (c) Its 
corresponding SAED pattern with a white circle on designated (hkl) planes.

X-ray photoelectron spectroscopy (XPS) is used to study the effect of Sn doping in the quasi-

2D perovskite thin films. The survey scan of XPS is shown in the supporting information in 

Figure S4. All the spectra are corrected to C1s before plotting. Figure 3a shows the Pb4f core 

level spectra of pure quasi 2D perovskite and Sn incorporation quasi 2D perovskite. The two 

distinct peaks corresponding to the Pb 4f5/2 and Pb 4f7/2 with binding energy (B.E.) 142.2 and 

137.4 eV, respectively, are observed35. Along with these dominating peaks, the deconvolution 

of Pb 4f spectra of Sn0 shows two small peaks at higher energies, which corresponds to 

metallic Pb0 having B.E. of 143.25 eV and 138.45 respectively36. The appearance of metallic 

Pb indicates that although we take stoichiometric ratio in precursors, the excess lead is 

present in pure quasi 2D perovskite thin films.  However, the Pb4f core level spectra of Sn25 

and Sn50 in Figures 3b and c reveal that peaks related to metallic Pb0 have vanished, 

indicating that Sn doping suppresses the Pb0 defects in Sn-based quasi 2D perovskite thin 

films. Perhaps the Pb 4f5/2 and Pb7/2 peaks are shifted to higher B.E., as shown in Figure 3d 

by 300 meV. This may be due to the contraction of the crystal lattice. Generally, in tin-based 

perovskites, the Sn2+ oxidizes to the Sn4+, causing the fast degradation of the perovskite thin 

films. To suppress the oxidation of Sn2+, most of the studies recommended the addition of 

SnF2 in precursors, so accordingly, we followed the same strategy. The Figure 3d and e shows 

XPS  core level spectra of Sn25 and Sn50 quasi 2D perovskite thin films. The Gaussian 

fitting of the Sn core level spectra of Sn25 shows the two intense peaks corresponding to Sn 

3d5/2 and Sn 3d3/2 at BE of 486.68 and 495.23 eV (Figure). We can see that there is no 

signature of the Sn4+ peak as the Gaussian function fits well for Sn2+ only, which improves the 

stability of perovskite thin films. However, Sn core level spectra in Figure 3e of Sn50 shows 

an additional 2 peaks other than Sn2+ at BE 486.15 and 497.15 related to Sn4+. The appearance 
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of these peaks indicates that the Sn50 quasi 2D perovskite films contain more oxidized Sn4+ 

and may be form unstable films.

Figure 3. (a), (b), (c), (d), (e) X-ray Photoelectron Spectroscopy spectra of BA2FA(Pb1-xSnx)2I7 

deposited at various precursor ratios. 

Figure 4a shows the UV-Vis spectra of BA2FA(Pb1-xSnx)2I7 recorded in absorption mode from 

400 nm to 800 nm. An absorption spectrum of Sn0 shows a strong absorption peak at 568 nm, 

which can be attributed to the excitonic transition originating from the n=2 phase. A small 

peak at 617 nm is also observed, which can be assigned to the n = 3 phase. The intensity of 

the peak at 617 nm is less with respect to the peak at 568 nm due to the decreasing exciton 

binding energy with the n value increasing21,28,29,37. As we partially substitute Pb with Sn, the 

vital excitonic feature in absorption spectra is diminished, and a low-intensity absorption peak 

emerges for Sn25 and Sn50 along with redshift. It is observed that as the Sn substitutes Pb, 

the bandgap of quasi perovskite reduces21,28,29,37–41. Hence, it can be concluded that partial 

substitution of Pb by Sn can help prepare phase pure Quasi 2D perovskite (n=2) with 

increased absorption spectral region. The room temperature bandgap of Sn0, Sn25 and Sn50 
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are estimated from the Tauc plot (plot of (h)2 vs. h where) as shown in Figure 4a and are 

2.22 eV, 1.92 eV and 1.71 eV respectively. It is evident from the UV-Vis analysis that as the 

Sn concentration increases in replacing Pb, there is a noticeable change in bandgap and 

excitonic character. The wavelength of 473 nm was used to excite the Quasi BA2FA(Pb1-

xSnx)2I7 (x = 0 - 50%) samples, and room temperature (RT) PL spectra were recorded in the 

range from 530 nm to 800 nm as shown in Figure 4b. The RTPL spectra of the Sn0 (x = 0) 

sample show emission peaks at ~577 nm and ~ 632 nm, which can be correlated with the 

absorption spectra with a stokes shift. The peaks at ~577 nm and ~ 632 nm correspond to 

exciton emission of n = 2 and n = 3 phases respectively 21,28,29,37–42. Unexpectedly, an absorption 

peak is absent in the 700–800 nm range. This absence implies that the emission peak around 

775 nm does not result from exciton emission or bandgap emission21,28,29,37–42. In the case of 

Sn25 and Sn50 samples, different emission peaks were observed at ~575 nm and ~705 nm 

which can be assigned to the exciton emission arising from BA2FAPb2I7 and BA2FASn2I7 

phases respectively21,28,29,37–42. Interestingly, the intensity of exciton emission due to Sn phase at 

~705 nm is increased as the Sn substitution increased from the Sn25 to the Sn50 sample. 

To investigate the carrier recombination processes, we measured the lifetime of samples at 

RT with a laser excitation wavelength of 405 nm having a pulse width of <70ps shown in 

Figure 4c. The experimental data is fitted with the bi-exponentials function:

Where 1 fast decay and 2 slow decay respectively. The estimated carrier lifetimes at 570 nm 

for all the samples are shown in Table 1.

Table 1. Lifetime Measurements of Sn0, Sn25, and Sn50. 

Sample Lifetime (ns)

Sn0 1 = 0.314, 2 = 3.513

Sn25 1 = 0.481, 2 = 3.009

Sn50 1 = 0.301, 2 = 2.423

The carrier lifetime associated with fast decay component 1 is large in Sn25 thin films, while 

Sn0 and Sn50 have a low lifetime, indicating fast charge carrier recombination. Previously, 

various researchers have proved that perovskites with a 50:50 composition of Pb: Sn possess 

shallow traps, while the perovskites with less Sn exhibit deep trap states.  We also found that 
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the 2 for Sn50 is lower than Sn25, corroborating trap-assisted recombination is less in Sn50 

than in Sn25. In the case of the Sn50 sample, as Sn is substituting Pb and occupying the Pb 

vacancies, the trap-assisted carrier lifetime is decreased21,28,29. In 2D perovskite, the dielectric 

and quantum confinement effects are crucial in shaping their optical and electrical properties. 

This influence leads to robust excitonic effects and intricate exciton physics, encompassing 

biexcitons and triexcitons. Consequently, the luminescence of these stratified compounds 

typically showcases a dominant narrow-band free exciton emission. Interestingly, some 

systems deviate from the norm and exhibit broadband emission characterized by a substantial 

Stokes shift. Certain instances even demonstrate photon emission spanning the entire visible 

spectrum, yielding broad-spectrum white light emission. Self-trapped excitons (STEs) are 

commonly acknowledged as the primary factor influencing broadband features. In this 

scenario, charge carriers interact with the soft lattice, inducing elastic structural distortions 

that lower the system's energy. Due to their transient quasiparticle nature, STEs cannot be 

directly excited from the ground state by below-gap light. This self-trapping process may be 

intrinsic, occurring due to transient elastic lattice deformation upon illumination, or extrinsic, 

where initial local potential wells in a host material serve as nucleating sites for subsequent 

self-trapping events. Nevertheless, self-trapping is not the sole mechanism responsible for 

inducing broad photoluminescence. Permanent structural defects and dopants can also induce 

in-gap states, broadening the emission. In such cases, excitons are presumed to be trapped in 

an in-gap state, resulting in Stokes-shifted emission. Given the similarities in luminescence 

characteristics between in-gap states and STEs, their disentanglement has proven 

challenging38,42. Temperature-dependent photoluminescence (TDPL) measurements were 

conducted on all samples from 80K to 300K. Figure 4d-f shows the TDPL spectra of Sn0, 

Sn25, and Sn50, respectively. At low temperatures (80K), the PL spectrum of Sn0(Figure 4d) 

shows three peaks located at ~578 nm, ~628 nm, and ~670 nm, respectively. The peak at 578 

nm is attributed to the excitonic emission of n = 2 phase, and the PL at around ~628 nm may 

be an exciton emission of n = 3 phase, which indicates that the mixed phase of n = 2 and n = 

3 phases are present in the thin films. Increasing the temperature from 80 K to 300 K 

decreases the intensity of peaks. The n=3 peak at around ~120K starts to split into two peaks 

and becomes prominent as the temperature decreases to 77K, which can be assigned to the 

order-disorder phase change of n=321,28,38,40–42. A relatively broad emission band obtained at low 

temperatures below the band gap energy (~670 nm) can be ascribed to STEs. A large amount 

of self-trapped excitons (STEs) exists in 2D perovskites owing to the strong electron-lattice or 

hole-lattice coupling. This effect can significantly promote radiative recombination and 



13

favours light emission. The peak at 670 nm disappears for higher temperatures, which is 

attributed to the redistribution of charge carriers between the states when localized carriers 

have sufficient thermal energy to escape and transfer to the dominant transition. When the 

temperature is increased above 200K, one more peak starts appearing at ~777 nm. With 

further increase in temperature, the intensity of this peak increases while the intensity of 

peaks at ~577 nm and ~628 nm decreases. This confirms that the PL peaks at ~577 nm and 

~628 nm come from exciton emission, and the peak at around ~777 nm comes from the 

defect. This radiative defect luminescence may arise from the contribution of vacancies 

(halide, Pb2+, FA+) and interstitials (halide, FA+). According to the previous reports, the 

luminescence from such defects is usually considered because of shallow defects21,28,38,40–42. In 

the case of Sn25, as seen in (Figure 4e), three peaks positioned at ~577 nm, ~622 nm, and 

~670 nm are observed, just like the Sn0 sample. As the temperature decreases, the intensity of 

these peaks increases with a very little shift. This shift can be due to the structural phase 

change of spacer cations. The STE emission at ~670 nm is less intense than the Sn0 sample. 

The replacement of Pb2+ by Sn2+ has been contemplated, with Tin (II) being considered the 

most suitable candidate due to its similar electronic states with lone-pair orbitals.  

Consequently, the substitution is anticipated to introduce minimal perturbation to the lattice 

structure. (Figure 4f shows) the TDPL spectra of  Sn50 sample shows the presence of two 

peaks located at around 581 nm and 617 nm. The STE emission is not observed in the case of 

the Sn50 sample. Compared to Sn0 and Sn25, a red shift is observed in the case of the PL 

peak of Sn50, which is located at around 581 nm. On the other hand, the peak located at 617 

nm blue shifts when compared with Sn0 and Sn25. Also, both peaks are broadened in Sn50 

samples.21,28,36,38
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Figure 4. (a) Ultraviolet-visible spectra and Tauc Plot, (b) Room temperature photoluminescence 
spectra, (c) Time-resolved photoluminescence spectra, (d), (e), (f) Temperature-Dependent 
Photoluminescence Plots at temperatures range (80K – 300K) deposited of BA2FA(Pb1-xSnx)2I7 

deposited at various precursors ratios.

Figure 5a-c shows Density functional theory calculations for Sn0, Sn25, and Sn50 samples in 

which we find that significant distortion and rotation of the Formamidinium (FA) ion arise 

upon 25% Sn incorporation. This distortion occurs due to the disparity in ionic radius and 

chemical properties between lead (Pb) and tin (Sn) ions. The smaller size of Sn2+ ions 

compared to Pb2+ ions create lattice strain as they fit into the crystal lattice originally suitable 

for larger ions, leading to a distortion of the lattice structure. Additionally, introducing Sn 

ions alters the electrostatic interactions and charge distribution within the lattice, impacting its 

electronic properties. However, at higher incorporation levels, such distortion is slightly 

reduced, for example, in 50% Sn concentration, possibly due to more dispersed occupancy of 

Sn ions, leading to improved homogeneity and reduced local unevenness through a more 

homogeneous distribution of Sn ions.  Sn incorporation causes a significant reduction in the 

band gap. Increasing the Sn concentration reduces it further, in accordance with the 

experimental results. The structures show no spin polarisation. Furthermore, the occurrence 

of a weakly dispersing trap band was found by Sn doping and prominent in the 25% clustered 

incorporation case shown in Figure 5d-f.
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Figure 5. DFT-based crystal structures of (a) BA2FAPb2I7 (b) BA2FA(Pb0.75Sn0.25)2I7, (c) 
BA2FA(Pb0.5Sn0.5)2I7 and (d), (e), (f) shows calculated Band structures (Density of States) using GGA 
PBE of BA2FA(Pb1-xSnx)2I7 deposited at various precursors ratios.

Figure 6a-c shows notable anodic and cathodic peaks at 1.67 and 0.64 V for Sn0, on the 

contrary, at 1.4 and 0.58 V for Sn25, also at 1.25 and 0.54 V for Sn50 samples. Anodic and 

cathodic peaks, observed in the electrochemical processes emerging at the semiconductor 

electrode interface, directly correspond with removing electrons from the Valence Band (VB) 

edge and adding electrons to the Conduction Band (CB) edge. Electron affinities and 

ionization potential can be deduced from these anodic and cathodic peaks. As a result, the 

electrochemical bandgap estimated from the potential difference between the peaks is 2.31 V, 

1.98 V, and 1.79 V for Sn0, Sn25, and Sn50, respectively. These values match closely with 

the respected optical bandgap estimated from the UV-visible spectrum-based Tauc plot. Table 

2 shows the positions of the Valence Band Edge and Conduction Band edge measured from 

the Normal Hydrogen Electrode (NHE) and local vacuum for Sn0, Sn25, and Sn50, 

respectively. Figures 6d, e, and f are the scan rate-dependent CV measurements for Sn0, 

Sn25, and Sn50 respectively. The relationship between peak current and the square root of the 

scan rate indicates the reversibility of the reaction; a direct proportion suggests reversibility, 

while deviations imply quasi-reversibility. Furthermore, a linear correlation between peak 
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current and the square root of the scan rate implies a diffusion-controlled reaction..31,32 Figure 

6g shows the Band Alignment diagram of TiO2, Sn0, Sn25, Sn50, and SnO2 in which CBM, 

VBM positions, and Band gap values of respective materials are observed. To understand the 

viability of 2D-Pb-Sn mixed perovskites in devices, the effects of the band offsets of the 

perovskite layer with TiO2 and SnO2 electron transport layer configurations were analyzed in 

Sn-Pb-based 2D perovskites. We estimated conduction band offsets using valence band 

minimum (VBM) and conduction band maximum (CBM) to examine the electron transfer 

phenomena. The results demonstrated that the interface between SnO2 and 2D perovskites 

facilitates far more efficient electron transport than TiO2 owing to their reduced activation 

barrier for electron transport. This can be explained by the conduction band offset (CBO) 

between the ETL/perovskite interface and band alignment. The CBO represents the 

differential in energy between the conduction band minima of the electron transport layer 

(ETL) and the perovskite layer, denoted as EETL - EPerovskite. This metric is pivotal for 

understanding the electronic compatibility and efficiency of charge transfer between these 

two materials in optoelectronic applications. The energy level diagram for all three 

perovskites w.r.t SnO2 and TiO2 is shown in Figure 6g. The calculated values of CBO are 

tabulated in Table S1. It is known that if CBO between the ETL/perovskite interface is 

negative, a cliff forms at the interface that favours electron passage from perovskite to ETL. 

This observed phenomenon of rapid electron transfer elucidates the preferential selection of 

SnO2 as an ETL. The CBO values for perovskites with varying compositions Pb-rich, 

moderate, and Sn-rich when interfaced with SnO2 are recorded at -0.4, -0.34, and -0.3 eV, 

respectively. These findings indicate that Sn-rich perovskites exhibit the highest efficiency as 

an absorber layer, underscoring the critical role of SnO2 ETL in providing important 

guidelines for designing combinations of ETL and perovskite layers.43–45 Additionally, the 

synthesis of TiO2 and SnO2 was carried out by spin coating followed by annealing. Figures S5 

and S6 show structural and optical characterizations carried out by XRD and FESEM to 

observe the structural behaviour of TiO2 and SnO2
46,47 and compared with Sn0, Sn25, and 

Sn50. 
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Figure 6. (a), (b) and (c) shows a Cyclic voltammogram for Sn0, Sn25, and Sn50, respectively, 
recorded on a drop-casted Glassy carbon at a scan rate of 50 mV/s. (The black line is for the blank 
electrolyte, and the coloured lines are for samples) (d), (e) and (f) show Scan rate dependent (υ = 10-
500mV) CV responses for the understanding of reaction kinetics in Sn0, Sn25 and Sn50, respectively.

Table 2. Electrochemical band structure parameters (Valence band (VB) and conduction band (CB) 
edges vs. NHE and vacuum) and the band gap values (Ec = Electrochemical Bandgap and Eg = 
Optical Bandgap) estimated from the Cyclic Voltammetry V.
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Sample
VBM vs 

NHE(V)

CBM vs 

NHE(V)

VBM vs 

Vacuum(eV

)

CBM vs 

Vacuum(eV)
Ec (eV) Eg (eV)

Sn0 1.67 -0.64 -6.17 -3.86 2.31 2.22

Sn25 1.4 -0.58 -5.9 -3.92 1.98 1.92

Sn50 1.25 -0.54 -5.75 -3.96 1.79 1.71

CONCLUSION  
In summary, we have reported mixed Pb-Sn-based 2D Ruddlesden-Popper thin films 

prepared by a simple solution-based one-step spin coating method followed by annealing. By 

substituting Pb with Sn, we observed peak broadening and increased microstrain and 

dislocation density from XRD. It can be concluded that this substitution showed a decrease in 

bandgap and a change in excitonic character. The presence of mixed-phase, n=2 and n=3 

phases were confirmed from excitonic emission at designated positions and a peak at ~777 

nm appears due to defects for Pb rich sample. For Sn0 and Sn50 samples, with the decrease in 

temperature, the intensity of peaks was increased along with redshift. Also, it was confirmed 

that after the substitution by Sn, STE emission was not as intense as Pb rich Sn0 sample. 

Time-resolved PL showed that decay was increased for the Sn25 sample due to increased 

defect states by Pb vacancies. Further, upon Sn substitution, decay was again decreased for 

Sn50 sample. By cyclic voltammetry, it was confirmed that the obtained electronic bandgap 

closely resembles the optical bandgap, and a reduction in anodic peaks and an increase in 

cathodic peaks were observed due to the substitution of Pb with Sn. Further, the DFT 

calculations confirmed the synergistic of lattice strain due to ionic radius variation (b/w Sn 

and Pb) and distortions in FA cation on electronic properties of the perovskite.
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