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ABSTRACT 

Organohalide lead perovskites have attracted considerable interest among emerging photovoltaic 

technologies, delivering highly efficient solid-state solar cells. Despite the huge potential of this 

class of materials, the use of Pb-containing materials will likely hamper the wide spread take off of 

perovskite solar cells. The development of lead-free hybrid perovskites represents thus an important 

step in the development of this promising technology. Very recently, the use of new mixed Pb/Sn 

MASnxPb(1-x)I3 perovskites has been reported, with a considerable increase in the extension of the 

solar spectrum absorption with respect to lead-halide perovskites, shifting the absorption onset 

down to the near-IR. In light of the anticipated potential of Sn-based organohalide perovskites in 

replacing lead-based materials, here we apply a novel computational approach to the description of 

mixed Sn/Pb compounds showing a range of composition comparable to experimentally 

characterized compounds. For the investigated series of MASnxPb(1-x)I3 perovskites we find a 

continuous and monotonic variation of the energy levels, shifting at lower potentials; and band-

gaps, which shift towards the near-IR, as the Sn content in the perovskite is increased. Notably, 

while we find slightly unbalanced electron/hole transport in the pure phases, Pb (Sn) materials 

being better electron (hole) transporters, for intermediate compositions an almost perfectly balanced 

charge carrier transport can be achieved, in line with recent experimental observations.  
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1. Introduction 

Organohalide lead perovskites have attracted considerable interest among emerging photovoltaic 

technologies, delivering highly efficient solid-state solar cells.
1-8

 The prototype CH3NH3PbI3 

perovskite
9
 (CH3NH3

+
=methylammonium=MA) and the mixed halide MAPb(I1-xBrx)3 

10
 and 

MAPb(I1-xClx)3 analogues
2, 4

 have so far dominated the field. Despite the huge potential of this class 

of materials, the use of Pb-containing materials will likely hamper the wide spread take off of 

perovskite solar cells. The development of lead-free hybrid perovskites represents thus an important 

step in the development of this promising technology.  Few investigations have been devoted up to 

now to the development of alternative hybrid perovskites to the most performing Pb-based ones, 

involving mainly analogous Sn-based compounds.
11-13

 Tin is indeed a natural candidate element to 

replace lead, being located just above lead in the same periodic table column; organohalide tin 

perovskites have shown a strong optical response down to about 1000 nm, being therefore very 

attractive for photovoltaic applications. However, Sn(II) compounds are extremely sensitive to air,
11

 

possibly leading to the unwanted formation of Sn(IV) compounds, which may limit the 

commercialisation prospects due to stringent environmental requirements during panel manufacture 

and due to anticipated high costs for completely hermetic encapsulation. As a matter of fact, the 

state of the art efficiency for Sn-based perovskite solar cells stands at about 6%.
11-13

 Very recently, 

the use of new mixed Pb/Sn MASnxPb(1-x)I3 perovskites
14-16

 for photovoltaic applications has been 

reported, with a considerable increase in the extension of the solar spectrum absorption with respect 

to lead-halide perovskites, shifting the absorption onset down to the near-IR. Promising efficiencies 

of 9.8 % have been reported for such compounds, leading to the consideration of their use to 

mitigate the Pb content in perovskite solar cell devices.
15

 As mentioned by Zuo et al.,
15

 however, 

the precise determination of the energy levels of MASnxPb(1-x)I3 perovskite materials is still 

challenging and the reported values so far are quite scattered,
11, 13, 14, 16

 potentially due to the 

aforementioned ease of oxidation of Sn-containing materials.  
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In light of the anticipated potential of Sn-based organohalide perovskites in replacing lead-

based materials, considerable effort has been invested in developing a suitable computational 

strategy capable to accurately describe the electronic and optical properties of both Pb and Sn 

materials in a balanced fashion.
17-19

 In this spirit, we recently developed an efficient theoretical 

framework
17

 allowing for the accurate simulation of the electronic structure of ASnX3 and APbX3 

perovskites rooted into a combination of DFT and GW methods including spin-orbit coupling 

(SOC). Here we apply this novel computational approach to the description of mixed Sn/Pb 

compounds showing a range of composition comparable to experimentally characterized 

compounds. The method of choice is a GW approach incorporating Spin Orbit Coupling (SOC),
17

 

see also Ref. 
20

 for a complementary approach, which was able to reproduce the band-gaps, 

absorption spectra and effective charge carrier masses for the class of metal halide perovskite, thus 

providing the interpretative basis for the optimal exploitation of new materials in PSCs. Several 

previous theoretical investigations were reported on Sn-based perovskites, mainly employing DFT 

methods, 
21-27

 but to our knowledge mixed Sn/Pb perovskites have not been addressed so far.  

For the  investigated series of MASnxPb(1-x)I3 perovskites we find a continuous and 

monotonic variation of the energy levels, shifting at lower potentials; and band-gaps, which shift 

towards the near-IR, as the Sn content in the perovskite is increased. Notably, while we find slightly 

unbalanced electron/hole transport in the pure phases, Pb (Sn) materials being better electron (hole) 

transporters, for intermediate compositions an almost perfectly balanced charge carrier transport can 

be achieved, in line with recent experimental observations.
15

 

2. Computational Details 

All the calculations have been carried out without any symmetry constraint, using the PWSCF code 

as implemented in the Quantum-Espresso program package.
28

 A tetragonal unit cell consisting of 

four MASnxPb(1-x)I3 units was used for the investigated systems. Electron-ion interactions were 

described by ultrasoft pseudopotentials
29

 with electrons from Pb 5d, 6s, 6p; Sn 4d, 5s, 5p; N and C 
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2s, 2p; H 1s; I 5s, 5p; Cs 6s, shells explicitly included in the calculations. A 4x4x4 Monkhorst–Pack 

grid
30

 was chosen for sampling the Brillouin zone of the tetragonal and triclinic systems. Plane-

wave basis set cutoffs for the smooth part of the wave functions and the augmented density of 25 

and 200 Ry, respectively, were used for Scalar Relativistic (SR) DFT geometry optimizations. To 

check the convergence of the electronic structure calculations, we performed an 8x8x8 k-point grid 

SR-DFT calculation on MAPbI3, finding essentially the same DOS compared to the 4x4x4 k-point 

grid, see Supporting Information. The PBE exchange-correlation functional was employed for all 

the reported calculations.
31

 By following the procedure reported in our previous work,
17

 SR-GW 

calculations were performed using norm-conserving pseudopotentials with an energy cutoff of 70 

Ry defining the plane-waves used for representing the wave-functions. GW calculations including 

SOC
17

 were performed by using ultrasoft
29

 pseudopotentials and energy cut-offs of 45 and 280 for 

the wave-functions and charge densities, respectively. SR-GW calculations were performed 

developing polarizability operators on a basis sets obtained as explained in Ref. 
32

 using an energy 

cutoff of 3 Ry and selecting the 2000 most important basis vectors. The self-energy expectation 

values are first obtained on imaginary frequency and then analytically continued on the real 

frequency axis fitting with a two poles expansion.
33

 SOC-GW calculations were performed 

including 400 Kohn-Sham states, of which the first 200 are doubly occupied. All the presented GW 

calculations have been performed sampling the Brillouin’s zone at the Γ point only, although the 

starting DFT calculations and the long range parts of the dielectric matrices are evaluated using a 

regular 4x4x4 mesh of k-points. To calculate the band structures and DOS at the GW level we have 

envisaged a scheme for introducing GW corrections to DFT energy levels calculated at an arbitrary 

k-point considering only the GW levels calculated at the Γ-point, see Ref. 
16

 for further details. For 

evaluating the optical properties we have first evaluated the frequency dependent complex dielectric 

function: 

     
   

   
 

     
          

     
 

     
       

   
 
     

       
        

                                  (1) 
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where   is the volume of the simulation cell,    is the total number of k-points in the BZ,    is the 

velocity operator, η is an opportune broadening factor, and the indices v and c run over the occupied 

and unoccupied states, respectively. The frequency dependent absorption coefficient      is then 

given by: 

                               

 
                                            (2) 

3. Results and discussion 

To simulate the mixed MASnxPb(1-x)I3 perovskites we chose to gradually reduce the percentage of 

Pb in the starting (quasi) I4cm tetragonal system found for MAPbI3 (x = 0).34,35 To ensure a 

continuous variation in the investigated properties we employed the same tetragonal cell made by 

four MASn/PbI3 units for all calculations. We used both experimental cell parameters (when 

available) and optimized  atomic and cell parameters along the entire series of compounds obtained 

moving towards the MASnI3 perovskite (x = 1).  

Both pure Pb- and Sn-based perovskites were studied in our previous work.
17

 For MAPbI3 

we further optimized the MA cation position in a recently published paper
35

 obtaining a further 

stabilization of 0.12 eV (structure 1 in ref. 
35

) with respect to structure reported in Ref. 
17

. Although 

many different structures, originated by a different arrangement of the MA cations, are calculated to 

lie within less than 0.1 eV, calling for a dynamical sampling of the investigated properties, here we 

just use the most stable structure found within the investigated data set.
35

 We further applied the 

same starting MA orientation reported for structure 1 in ref. 
35

 for the entire mixed Sn/Pb 

perovskites series. Notably, also for MASnI3 perovskites we obtained a 0.09 eV of stabilization with 

respect to MASnI3 reported in ref.
17

 . We will thus mainly refer to the data corresponding to the 

most stable structures found in this paper. 
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Recent calculations demonstrated that inclusion of van der Waals interactions delivered 

calculated cell parameters of MAPbI3 in better agreement with experimental values.
36-39

 When 

accounting for dispersion interactions in our computational set-up, the calculated cell parameters for 

various arrangements of the MA cations in MAPbI3 decreased, as expected, but neither the relative 

stability order nor the main structural features, e.g. the c/a ratio, were affected. Similarly, the 

calculated band-gaps all decreased by ca. 0.1 eV, by virtue of the volume contraction, but their 

trends remained unchanged.
35

 Notably, by increasing the plane waves expansion cut-off the cell 

parameters decreased, thus here we take advantage of some cancellation of errors due to the two 

effects.   

The simulated unit cell contains four MASn/PbI3 units,  so we can naturally simulate three 

values of the Pb:Sn ratio, namely 3:1 (x = 0.25), 2:2 (x = 0.50) and 1:3 (x = 0.75) in addition to the 

pure phases of each material (x=0 and 1). While for the species with x =0.25 and x = 0.75 the 

position of the minority metal atom is irrelevant (all sites being roughly equivalent), for the system 

corresponding to x = 0.50 we need to replace two metals and we consequently have more than one 

option for the relative position of the two Pb and Sn atoms in the unit cell. In this case, we thus 

explored the three possible structural arrangements for x = 0.50 named A, B and C in Figure 1. 

Structure A shows the Sn and Pb atoms alternated along the 110 and 001 crystallographic 

directions, while structures B and C show the presence of two consecutive Pb / Sn atoms along the 

001 and 110 direction, respectively.  
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Figure 1. Optimized structures and main geometrical parameters for the investigated MASnxPb(1-

x)I3 series. For x=0.25 and x=0.75 only one of the four equivalent structures is reported, while for  

x=0.50 the three inequivalent structures are reported labeled as A, B and C, se text for definitions. 

Pb= light blue; Sn= orange; I= purple; N= blue; C= green, H= white. 

 

Geometry optimizations of the investigated MASnxPb(1-x)I3 compounds have been carried out at the 

SR-DFT level considering the MAPbI3 experimental cell parameters,
40

 see structure in Figure 1, 
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and by performing a variable cell relaxation, see optimized cell parameters in Table 1. Moreover, 

for the pure Sn-based perovskite also we performed a geometry optimization using the MASnI3 

tetragonal I4cm β-phase experimental cell reported in Ref. 
12

. By performing a variable cell 

relaxation, we found a slight decrease of the volume with increasing the Sn percentage (maximum 

contraction of 3.3 % for the pure Sn-based perovskite compared to the pure Pb-based species). This 

is in good agreement with X-Ray measured data
16

 which showed only minimal differences between 

the mixed MASnxPb(1-x)I3  species with respect to the pure MAPbI3 material. Interestingly, the three 

different configurations explored for x = 0.50 show essentially the same stability, with calculated 

energy differences within less than 0.01 eV. This suggests that there is no preferential tendency to 

create separate MAPbI3 and MASnI3 domains in the mixed metal perovskite materials but rather a 

perfect miscibility is expected. For all subsequent investigations we will refer to the A mixed 

system with x= 0.5, which corresponds to the fully mixed phase. 

Table 1. Optimized cell parameters (Å) and cell volume (Å
3
) for the investigated mixed 

MASnxPb(1-x)I3 perovskites. 

 
Sn fraction (x) 

Lattice 

parameters 
0.00 0.25 0.50 0.75 1.00 

a 8.751 8.742 8.735 8.710 8.681 

b 8.735 8.723 8.722 8.697 8.670 

c 12.770 12.745 12.678 12.657 12.535 

Vol 976.139 971.889 965.895 958.779 943.438 

ΔVol. % 0.0 -0.4 -1.0 -1.8 -3.3 

 

To gain insight into the electronic and optical properties of the investigated series of compounds, 

we performed additional DFT and GW calculations (both SR and SOC) on the optimized 

geometries, the results are shown in Table 2. In particular, in line with what previously found for 

the pure Sn- and Pb-based perovskites,
17

 for the mixed Sn/Pb materials, SR-DFT and SR-GW 

deliver an unbalanced description of the band-gap series going from x = 0.00 to 1.00, while both 

SOC-GW and SOC-DFT reproduce the experimental decreasing of the band gap. Notably, as 
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previously found,
17

 only SOC-GW calculations are able to quantitatively (within ± 0.2 eV) 

reproduce the experimental band-gaps of the investigated materials, see Table 2, with SOC-DFT 

delivering considerable underestimates. We predict a steady decrease of the band-gap upon 

increasing the Sn content in the perovskite, which is in line with the results by Ogomi et al.,
16

 while 

a slight band-gap increase for the pure Sn-based perovskite was reported by Hao et al.
14

 For each 

composition, a reduced band gap is calculated when employing calculated atomic and cell 

parameters, in line with recent results pointing at a band-gap reduction upon cell compression.
27

 

 

Table 2. Band gap (eV) calculated at different levels of theory for the investigated MASnxPb(1-x)I3 

mixed perovskites. The first entry corresponds to data calculated on optimized geometries 

employing the experimental cell parameters of MAPbI3. The second entry (in parentheses) refers to 

optimized atomic and cell parameters. For pure MASnI3, values denoted with * are calculated at the 

experimental MASnI3 cell parameters. 

 
Sn fraction (x) 

 
0.00 0.25 0.50 0.75 1.00  

SR-DFT 
1.57 

(1.47) 

1.27 

(1.11) 

1.14 

(0.95) 

0.86 

(0.66) 

0.66/0.54* 

(0.43) 

SR-GW 
2.66 

(2.52) 

2.31 

(2.17) 

2.15 

(2.04) 

1.82 

(1.69) 

1.66/1.55* 

(1.42) 

SOC-DFT 
0.53 

(0.53) 

0.39 

(0.34) 

0.43 

(0.33) 

0.34 

(0.23) 

0.39/0.25* 

(0.21) 

SOC-GW 
1.64 

(1.66) 

1.37 

(1.31) 

1.41 

(1.24) 

1.20 

(1.06) 

1.31/1.00* 

(0.89) 

Exp.
a
 1.51 1.31 1.28 1.23 1.10 

Exp.
b
 1.55 1.24 1.17 1.17 1.30 

 

 a 
from Ref. 

16
; 

b 
from Ref. 

14
;. 

 

To analyze the optical properties of the Sn/Pb mixed perovskites, we simulated the SOC-GW 

absorption spectra for the series of MASnxPb(1-x)I3, see Figure 2. As expected from the behavior of 

the calculated band gap, we found a red shift of the simulated absorption onset by increasing the Sn 
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percentage, in agreement with the experimental measurements.
16

 Also interesting, is the increased 

absorption coefficient found by increasing the Sn content in the perovskite, which makes Sn-based 

materials extremely interesting alternatives to replaces fully Pb-based materials. Notably, the 

calculated absorption coefficient of MASnI3 is in good agreement with the experimental data (ca. 

2x10
4
 cm

-1
 in the band-gap region) reported by Noel et al.

11
 

 

Figure 2. Simulated SOC-GW absorption spectra for the MASnxPb(1-x)I3 series of perovskites. Solid 

lines are referred to the optimized atomic and cell parameters; dashed lines for x from 0.00 to 0.75 

are referred to MAPbI3 experimental cell parameters and for x = 1.00 are referred to the 

experimental MASnI3 cell parameters. 

To evaluate the HOMO and LUMO energy levels of the mixed metal perovskites and compare them 

the VB and CB shift of the mixed metal halide perovskites with respect to the experimental 

measurements, we aligned the calculated SOC-GW Densities of States (DOS) to the MA carbon 
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atoms levels, see Figure 3. This alignment strategy was shown to be a reasonable approximation to 

align the levels of Pb and Sn compounds,
17

 since it is expected that the methyl moieties of the MA 

cations will only weakly interact with the inorganic cavity, thus showing a reduced variability in the 

Pb or Sn environments. In line with the band-gap variation, the DOS evolution by varying x from 0 

to 1 is smooth and continuous, with a marked rise of the VB edge and a less pronounced rise of the 

VB edge, leading to the observed band-gap reduction by increasing the Sn content into the 

perovskite. 

Notably, the shape of the DOS close to the VB/CB edges also varies, with increasing Sn 

content introducing strongly hybridized Sn 5s states at the VB top, see Figure 4, as previously noted 

for MASnI3, leading to reduced hole effective masses.
17

 Interestingly, for x=0.5, i.e. for an equal 

amount of Sn and Pb, the CB structure still shows the characteristic shape which is typical of 

MAPbI3, associated to decreased electron effective masses, while for x=0.75 the CB resembles that 

of the pure MASnI3 compound. 
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Figure 3. A) DOS calculated at SOC-GW method for MASnxPb(1-x)I3 by moving form x = 0 to x = 

1.00. Values for x from 0.00 to 0.75 are referred to geometry with MAPbI3 experimental cell and 

for x = 1.00 are referred to the MASnI3 cell parameters. B) and C) SOC-DFT DOS calculated for 

the investigated series showing contributions from the Pb/Sn atoms /dashed lines) and I atoms 

(solid lines). 
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A marked difference in the experimental studies by Ogomi et al. and Hao et al. was found in 

the evolution of the VB and CB positions by varying the relative Sn/Pb ratio. While Ogomi et al. 

predicted a steady variation of the VB and CB edges by increasing the Sn content,
16

 resulting in an 

energy upshift of both levels, Hao et al.
14

 reported a totally different trend with a non monotonic 

variation of the energy levels.  We report in Table 3 the calculated HOMO and LUMO energy shifts 

(setting the corresponding data for x=0 to 0 energy) calculated by SOC-GW (see Supporting 

Information for different levels of theory) while a graphical of the calculated aligned SOC-GW 

energy levels is compared to the experimental data by Ogomi et al.
16

 in Figure 4. The SOC-GW 

calculated energy levels in Table 3 and Figure 4 clearly show that  by increasing the Sn percentage 

we predict an steady up-shift of the VB which is only partially compensated by the reduced CB up-

shift. This result is in good agreement with the experimental measurements reported by Ogomi et al. 

16
 as demonstrated by plotting experimental level shifts vs. calculated ones with slope ~ 1, see 

Figure S1 in Supporting Information. To check that the calculated trend in energy levels is not due 

to the different phase (P4mm vs I4cm) reported by Hao et. al, we simulated the pure P4mm MASnI3 

perovskite and we compared the calculated SR-DFT DOS with the corresponding one for the I4cm 

structure. By doing so, we find an additional up-shift of the CB level of 0.12 eV for the P4mm 

phase, see Supplementary Information, indicating that the difference between theory and 

experiment is not due to the different considered phases. 

 

Table 3. HOMO and LUMO energy levels shifts (eV) by varying  the Sn/Pb ratio calculated at the 

SOC-GW level and compared to the experimental measurements.
16

 VB and CB shifts evaluated 

from the SOC-GW DOS are also reported. Energy shifts are referred to the pure MAPbI3 

perovskites (set as zero). VB and CB values are calculated at 1.4 % of the maximum VB peak of the 

MAPbI3 calculated SOC-GW DOS. Values in parentheses are referred to the optimized atomic and 

cell parameters. 
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Sn content 

 
0.00 0.25 0.5 0.75 1.00 

Exp. 

ΔE
HOMO

 0.00 0.27 0.44 0.47 0.66 

ΔE
LUMO

 0.00 0.07 0.21 0.19 0.25 

Gap
EXP

 1.51 1.31 1.28 1.23 1.10 

SOC-GW 

ΔE
HOMO

 
0.00 

(0.00) 

0.34 

(0.35) 

0.46 

(0.65) 

0.76 

(0.93) 

0.99 

(1.11) 

ΔE
LUMO

 
0.00 

(0.00) 

0.08 

(0.00) 

0.23 

(0.23) 

0.32 

(0.32) 

0.35 

(0.33) 

Gap
H-L

 
1.64 

(1.66) 

1.37 

(1.31) 

1.41 

(1.24) 

1.20 

(1.06) 

1.00 

(0.89) 

ΔE
VB

 
0.00 

(0.00) 

0.20 

(0.20) 

0.35 

(0.43) 

0.53 

(0.50) 

0.64 

(0.68) 

ΔE
CB

 
0.00 

(0.00) 

0.08 

(0.10) 

0.17 

(0.19) 

0.27 

(0.20) 

0.19 

(0.18) 

Gap
VB-CB

 
1.74 

(1.87) 

1.62 

(1.77) 

1.56 

(1.63) 

1.48 

(1.57) 

1.29 

(1.37) 
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Figure 4. Energy levels alignment of the calculated SOC-GW HOMO/LUMO (A) and VB/CB (B) 

(in red) compared with the experimental values (in blue). 
16

 Values for x from 0.00 to 0.75 are 
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referred to geometry with MAPbI3 experimental cell; values for x = 1.00 are referred to the MASnI3 

cell parameters. VB and CB values are calculated at 1.4 % of the maximum VB peak of the MAPbI3 

calculated SOC-GW DOS. 

 

To gain insight into the transport properties of the investigated MASnxPb(1-x)I3 perovskites, we 

calculated the effective carrier masses for the entire series by means of parabolic band fitting 

around the band gap ( point of the Brillouin zone). The results, shown in Figure 5, show a gradual 

inversion of the average of the electron end hole masses going from x = 0.00 to x = 1.00. While for 

the pure Pb-base material we found electron mass smaller than the hole mass for the Sn-based 

perovskite we found electron mass greater than the hole mass; the intermediate mixed Sn/Pb 

systems shows and intermediate and balanced electron and hole masses values. Notice, that as 

previously reported, the lack of inversion symmetry in the calculated quasi I4cm unit cell, to the 

effect of SOC, leads to a k-dependent band splitting (Rashba/Dresselhaus effect),
17, 35, 41-43

 which 

also slightly varies by decreasing the Pb content in the mixed perovskites, see Supporting 

Information. 
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Figure 5. Calculated SOC-DFT effective hole and electron masses for the mixed Sn/Pb perovskites.  

4. Conclusions 

In summary, we have investigated by first principles computational techniques the series of mixed 

Pb/Sn perovskites of type MASnxPb(1-x)I3 by moving form x = 0 to x = 1.00. Our results showed a 

steady and monotonic variation of the optical absorption spectra, energy levels and transport 

properties when moving along the series. In line with previous reports, a red-shifted absorption and 

increased optical absorption is found for the pure MASnI3 compared to analogous MAPbI3, which   

is also retrieved when increasing  the investigated mixed perovskites. While  MASnI3 is predicted to 

be a better hole transporter, MAPbI3 is predicted to be a better electron transporter. Notably, by 

varying the Sn/Pb content, we demonstrate that the 50:50 compound retains the best of each 

compound, showing a red-shifted and increased absorption spectra along with an almost perfectly 

balanced electron and hole transport properties, as derived by the calculated effective masses. At the 
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same time, while above this Sn/Pb ratio, the material oxidation could become significant, the 50:50 

compound seems to be sufficient stable to oxidation, as measured by a HOMO energy more positive 

than 5 eV vs. vacuum.  

While the search for totally Pb-free materials still remains a major topic in perovskite solar 

cells, our study shows that the 50:50 mixed Pb/Sn perovskite could represent a winning compound 

to mitigate the Pb content in the perovskites while showing possibly increased performances 

compared to the prototype MAPbI3 material.   
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We investigate MASnxPb(1-x)I3 perovskites by first-principles simulations, finding monotonic 

variation of energy levels and band-gaps, and demonstrating balanced electron/hole transport. 
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