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Reducing lead toxicity in the methylammonium lead halide MAPbI3: Why Sn substitution
should be preferred to Pb vacancy for optimum solar cell efficiency
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Methylammonium lead halide (MAPbI3) perovskite has emerged as one of the frontier optoelectronic
semiconductors. To avoid lead toxicity, the role of Sn substitution and Pb vacancy (Pb-�) are addressed in
regulating stability and solar cell efficiency of MAPb1−X−Y SnX �Y I3 perovskite using hybrid density functional
theory (DFT). The role of spin-orbit coupling (SOC) and the electron’s self-interaction error are examined
carefully. We find to reduce the Pb content from pristine MAPbI3, Sn substitution has a more favorable
thermodynamic stability than creating Pb-�. Moreover, on substituting Sn, due to strong s-p and p-p couplings,
the lower parts of the conduction band gets shifted downwards, which results in the reduction of the band gap
(direct). This further helps us to get a high optical absorption coefficient (redshifted) and maximum solar cell
efficiency in MAPb1−X SnX I3 for 0 < X � 0.5.
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I. INTRODUCTION

Inorganic-organic halide perovskite compounds with
chemical formula ABX3, in particular methylammonium lead
halide (MAPbI3), have drawn significant scientific interest
in recent years [1–4]. Long diffusion length, high carrier
mobility, suitable optical band gaps (1.55–1.69 eV) [1,5–
7], strong absorption of light, and very cheap manufacturing
costs have enabled its revolutionary success in the field of
solid-state photovoltaics [2,8–12]. While the first experimen-
tal work turned power conversion efficiency (PCE) to be just
3.8% of sunlight energy into electricity [1], the efficiency
of perovskite solar cells subsequently has been enhanced
rapidly by adapting novel methodologies during the fabrica-
tion process [13–15]. Recently, a maximum PCE of 22.1%
has been reported for MAPbI3 under the operational condition
[16]. Therefore, MAPbI3 attracts a huge interest along with
commercialized thin-film solar cells, e.g., silicon, GaAs, and
CdTe [17].

However, the toxic nature of Pb has hindered MAPbI3 from
its practical applications. Also, when exposed to moisture
and air, Pb is intrinsically unstable which eventually causes
oxidation from Pb2+ to Pb4+. This leads to degradation of
photovoltaic performance [18,19]. Therefore, reducing the
extent of Pb by substituting suitable alternatives (e.g., Sn,
Ge, Sr, etc.) in the perovskite has been crucial. But, the
complete removal of Pb from the perovskite cage degrades
drastically the solar cell performance [20–22]. In view of
this, there are a lot of reports on partial substitution of Pb
with Sn by forming a hybrid perovskite MAPb1−X SnX I3

[12,20,23–25]. However, identification and hence controlling
the effect of different defects [viz. Sn substitution or Pb
vacancy (Pb-�)] is quite difficult and very much indirect
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experimentally. This indeed is the reason behind several
controversies between the experimentally and theoretically
predicted structural parameters, formation energy of most
stable defects, its concentration, and preferred charge state of
MAPb1−X SnX I3 [26,27]. In addition to this, the issues related
to the power conversion efficiency and how it correlates with
the reduction of Pb content are also not well understood.
Thus, despite several researchers having explored structural
defects in pristine MAPbI3 [10,20,25,28,29], there is justified
importance to revisit this rigorously studied semiconducting
material to provide theoretical guidance to experiment.

Understanding this at the theoretical (e.g., density func-
tional theory (DFT) [30,31]) level has never been easy be-
cause of the exchange-correlation εxc functional that needs
to be carefully analyzed in the light of the electron’s self-
interaction error and spin-orbit coupling (SOC) effect. Note
that since they contribute counter to each other, there is a lucky
cancellation of both for pristine MAPbI3, which encourages
researchers to use simple GGA (PBE) functionals for this
system [32–35]. However, the whole motivation of this work
is to examine the removal of Pb with Sn or vacancy. Since
Sn is lighter than Pb, and the effect of SOC is smaller [36].
Therefore, a simple GGA functional can never give correct
energetics to this composite system MAPb1−X−Y SnX �Y I3.
In addition, the accurate determination of ground-state forma-
tion energy is still a debateful topic [37–39], where the role of
self-interaction error and SOC need to be examined carefully.

In this paper, using state-of-the-art first-principles based
methodology under the framework of DFT (with hybrid func-
tionals [40] combined with SOC), we present an exhaustive
study on the theoretical understanding of the structural defects
to explore the role of Sn substitution and Pb-� in regu-
lating the thermodynamic stability of MAPb1−X−Y SnX �Y

I3 perovskite. First, the performance of DFT εxc func-
tional (PBE/HSE06) [40,41] is carefully analyzed in the
light of SOC effect. Then, from the formation energies of
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MAPb1−X−Y SnX �Y I3 conformers, the most stable ground-
state configurations are identified. Furthermore, we have
demonstrated the electronic structure to identify possible op-
tical transitions. Subsequently, we have explored optical prop-
erties and spectroscopic limited maximum efficiency (SLME)
for thermodynamically stable configurations to understand
how the efficiency correlates with Sn substitution.

II. METHODOLOGY

The DFT calculations are performed with PAW pseu-
dopotential method [42] as implemented in Vienna ab initio
simulation package (VASP) [43]. The supercell size of the
model structure of MAPb1−X−Y SnX �Y I3 [44] has been kept
increasing until the single defect state becomes fully localized
(2×2×2), consisting of 96 atoms (i.e., MA8Pb8I24) with
periodic boundary conditions. We have used exchange and
correlation (xc) functionals viz. generalized gradient approx-
imation (GGA with PBE) and hybrid functional HSE06 with
and without SOC for the calculations. The atomic positions of
the structures are relaxed with force convergence 0.001 eV/Å
using a conjugate gradient minimization algorithm. A 2×2×2
Monkhorst k-mesh size is used for optimizing the structures.
For the energy calculations, the total energy tolerance is set
to 0.001 meV. The k-mesh [45] is converged and fixed at
4 × 4 × 4 k-mesh size. The plane wave energy cutoff is set
to 600 eV in our calculations. For optical properties, k-point
sampling 6 × 6 × 6 and the number of bands 512 have been
used which results in convergence of the band gap.

III. RESULTS AND DISCUSSION

A. Validation of functionals

To ensure that our findings are not just an artifact of
DFT εxc functionals, different εxc functionals [viz. gener-
alized gradient approximation (PBE) and advanced hybrid
functional HSE06] are first thoroughly benchmarked. We find
the band gap of MAPbI3 with PBE is 1.54 eV, whereas the
experimental band gap is 1.57 eV [12,46]. In Fig. 1(a) we have
shown the position of the conduction band minimum (CBm)
and valence band maximum (VBM) estimated with differ-
ent εxc functionals (viz. PBE, PBE+SOC, HSE06+SOC) of

FIG. 1. (a) Band edge alignment using PBE without SOC, PBE
+ SOC, and HSE06 (α = 0.50) + SOC. (b) Calculated absorption
spectra using the HSE06+SOC functional for three different values
of exact exchange fraction (α): α = 0.25 corresponds to peak at
0.94 eV, α = 0.43 gives rise to peak at 1.36 eV, and for α = 0.50,
the peak lies at 1.53 eV.

the cubic MAPbI3. From Fig. 1(a), PBE calculation without
SOC raises the CBm by 0.88 eV and lowers the VBM by
0.18 eV with respect to PBE+SOC, resulting in a band gap
of 1.54 eV, which is in good agreement with the experimental
value. In fact, due to this misplaced VBM and CBm levels,
local/semilocal functionals perform surprisingly well in esti-
mating the band gap of MAPbX3 (X = I, Br, Cl) [47]. This
is why there are many previous works where the SOC effect
is completely neglected [32,33,48]. However, SOC effect is
significantly important in the electronic structure of MAPbI3

due to the presence of heavy elements (e.g., Pb). Inclusion of
SOC degenerates the conduction band levels, which results in
splitting of CBm. This further leads to shifting of CBm in the
downward direction. Therefore, the obtained band gap with
PBE+SOC is 0.48 eV (experimental value ∼1.57 eV [12,46])
[see Fig. 1(a)]. It should be noted here, HSE06 (with the
default α = 0.25, i.e., by incorporating a 25% of Hartree-Fock
exact exchange to capture the electron’s self-interaction error)
along with SOC is unable to reproduce the experimental band
gap. Hence we have calculated the imaginary part of the
dielectric function for three values of α = 0.25, 0.43 [29],
and 0.50. Note that the fundamental gap can be reproduced by
the first peak in the absorption spectrum satisfying the optical
selection rule [49–51]. We find HSE06+SOC with α = 0.25
corresponds to an optical peak at 0.94 eV. However, it is re-
ported that the band gap is 1.50 eV for the tetragonal phase of
MAPbI3 [26,29] with α = 0.43. This is why we have checked
whether the same value of α works for the cubic phase as
well. But we obtain a band gap of 1.36 eV corresponding to
α = 0.43. Therefore, we have further increased the value of α

and finally at α = 0.50 we have found the theoretical optical
peak at 1.53 eV [see Fig. 1(b)]. This is because HSE06 (with
α = 50%)+SOC results in correct positioning of the VBM
by lowering it down, and consequently the experimental band
gap is reproduced.

Note that, in the present work, we are more interested in
substituting Pb from pristine MAPbI3 to make a composite
system viz. MAPb1−X−Y SnX �Y I3, where the SOC effect
changes as a function of the amount of Pb. Thus even if in the
pristine MAPbI3 50% exact exchange reproduces the correct
energetics, a composite system with X substituted Sn atoms
and Y Pb-�s will for sure not need the same amount of exact
exchange. This will also be a complicated function of X , Y and
determining this accurately is somewhat impossible without
experimental inputs. In view of this, we have performed the
rest of calculations with default α = 0.25 as in HSE06 with
SOC. For sure this may lead to some unprecedented error in
the energetics due to over/underestimation of the combined
effect of SOC and the electron’s self-interaction error to the
energetics. However, to estimate formation energies of differ-
ent conformers with and without defects, we take the differ-
ence of total energies. Thus we assume this error elimination
(if any) is intrinsically incorporated in taking the differences
and the rest of the calculations are therefore justified to be
carried out at the level of HSE06 (α = 0.25)+SOC.

B. Thermodynamic stability and structural stability

Formation energy of the mixed perovskite
MAPb1−X−Y SnX �Y I3 (for a 2 × 2 × 2 supercell i.e.,
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FIG. 2. (a) Relaxed crystal structure of MAPbI3. (b) Crystal
structure of Sn substitutions and Pb-�s in MAPbI3. Formation
energy [Ef (x, y)] of different MA8Pb8−x−ySnx �y I24 structures is
represented as a function of Sn substitution and Pb-�. The color bar
represents Ef (x, y) in eV using εxc (c) PBE and (d) HSE06+SOC.
A guide to the eye for the configurations with minimum Ef (x, y)
corresponding to each Sn substitution is marked with red arrows.

MA8Pb8−x−ySnx �y I24) is calculated from the difference
of total energies of its precursor materials viz. PbI2, MAI,
SnI2, and I2 using the following formula:

E f (x, y) = E (MA8Pb8−x−ySnx �y I24) − 8E (MAI)

− xE (SnI2) − (8 − x − y)E (PbI2) − yE (I2).

(1)

The coefficient of each term on the right-hand side is so cho-
sen that they stoichiometrically balance the number of MA,
Pb, Sn, and I atoms in MA8Pb8−x−ySnx �y I24. In Figs. 2(a)
and 2(b) we have shown the relaxed crystal structure of
MAPbI3 and doped MAPbI3 (Sn substitutions along with
Pb-�s).

We have plotted the E f (x, y) for all possible values of
x, y. Here we have employed an iterative strategy [52–54]: At
first we have identified energetically the most stable vacancy
(substitution) site in the pristine structure, i.e., MA8Pb8I24.
Following this, we start scanning over all the other remaining
seven Pb sites to find out the next stable vacancy (substitution)
site and so on. The process is repeated systematically to
increase the number of defects in the system (see details in
the Supplemental Material [55]). Note that we have shown
the thermodynamic stability for PBE and HSE06+SOC εxc in
Figs. 2(c) and 2(d). The formation energy values for all the
conformers along with literature values [56,57] are given in
tabular form in the Supplemental Material [55] (Table S3).
However, we have already confirmed that HSE06+SOC will
be more accurate for the calculations as it determines the
position of the energy bands more accurately. Nevertheless,
it is still interesting to verify whether PBE works well, in the
context of thermodynamic stability. In Fig. 2(c) with PBE εxc

functional, for a given number of Sn substitutions x = 0–6, the
Pb-�s are varied, respectively. The most stable conformers
having the lowest formation energy are marked with red

arrows. The pristine system prefers no Pb-�s per formula
unit when there is no Sn substitution. The introduction of
Sn (i.e., x = 1–6) with zero Pb-�s (i.e., y = 0) gradually
makes the system energetically stable. For x = 3 and 4, the
system prefers four Pb-�, while for x = 5, the system prefers
two Pb-�s. From the color code we note that as per PBE
εxc functional MA8Pb0Sn4 �4 I24 and MA8Pb1Sn3 �4 I24 are
the most stable configurations among all different values of
x, y. Following this, HSE06+SOC εxc functional is used to
estimate the same of different configurations [see Fig. 2(d)].
Here we have observed that pristine system (i.e., MA8Pb8I24

supercell) is the most stable one (inline with experimen-
tal observations). However, Sn substitution is also favorable
in MAPb1−X−Y SnX �Y I3 but up to 0 < X � 0.5. Beyond
this for X > 0.5, the configurations become less stable. On
analyzing Figs. 2(c) and 2(d) we conclude that PBE and
HSE06+SOC are giving an exactly opposite trend for the
thermodynamic stability. For comparison, the thermodynam-
ically stable phases obtained from HSE06 (without SOC) are
also given (see the Supplemental Material [55], Fig. S1). We
find from Fig. S1 and Fig. 2(d) that the trend of HSE06
and HSE06+SOC are similar despite changes in absolute
value of the formation energies. This validates that the SOC
definitely plays a crucial role to modulate electronic band
energy levels and correct positioning of the CBm, it does
not change much the hierarchy of the stability of different
configurations. However, the incorporation of the advanced
εxc functional is extremely important as the semilocal func-
tional is unable even to give any correct qualitative analysis
with respect to HSE06 or HSE06+SOC. Moreover, due to
incorrect positions of VBM and CBm (as discussed above),
thermodynamic stability of neutral as well as charged defects
will be totally wrong using the PBE εxc functional, which is in
contrast to the previous studies in literature [26,32,48], where
PBE is used to determine the thermodynamic stability.

The stable compositions are then further analyzed to ensure
structural stability at operational temperature (i.e., ∼320–
350 K). As a first step, the tolerance factor t and octa-
hedral factor μ for all the conformers are determined (see
the Supplemental Material [55], Table S1). We have found
that among all the thermodynamically stable conformers [as
shown in Fig. 2(d)], these conformers viz. MA8Pb1Sn3 �4 I24,
MA8Pb0Sn4 �4 I24 have a tolerance factor and octahedral
factor that are not lying within the range of stable cubic
perovskite [58,59]. Hence, these conformers are excluded
for detailed optical studies to estimate solar cell efficiency.
Therefore, to reduce the Pb content from pristine MAPbI3,
Sn substitution has more favorable thermodynamic as well as
structural stability than Pb-�. The thermodynamic stability
of Sn substitution is further confirmed from the lower for-
mation energy of charged defects [60] than Pb-� (see the
Supplemental Material [55], Fig. S2). In view of this, the most
stable phases (MA8Pb8−xSnxI24) obtained in terms of thermo-
dynamic stability as well as structural stability (determined
from the Goldschmidt tolerance factor, octahedral factor (see
Supplemental Material [55], Fig. S3) are taken for further
studies. The structural stability of the doped perovskites at
300 K are further confirmed using ab initio molecular dy-
namics (AIMD) simulation (see the Supplemental Material
[55], Fig. S4). Note that the structures are thermalized by a
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FIG. 3. (a) The total density of states (DOS) of the stable con-
formers, partial DOS of (b) I-5p orbital, (c) Pb-6s orbital, (d) Pb-6p
orbital, (e) Sn-5s orbital, and (f) Sn-5p orbital.

20-ps-long MD simulation run at 300 K with NVT ensemble
(Nose-Hoover thermostat) and there are not many changes
that are noticed to the ground-state configurations from the
radial distribution function plot of the nearest neighbor atoms.

C. Electronic structure and optical properties

Hybrid halide perovskites are considered as the potential
candidates in the applications of perovskite solar cells due
to their optimum efficiency and high absorption. In order
to understand these properties, it is important to get an in-
depth insight of the electronic structure of MA8Pb8−xSnxI24.
To fulfill this purpose, partial density of states (PDOS) are
plotted, which indicate the two key features of the origin
of strong optical transitions of halide perovskite, (i) p-p/s-p
transitions, and (ii) the direct band gap. The results show
that, with an increase in concentration of Sn, the electronic
states at the upper valence bands (VBs) shifted away from the
Fermi level (Fig. 3). On the contrary, near CBm, an increase
in percentage of Sn in MAPbI3, results in a shift of CB
edges towards the Fermi level as shown in Fig. 3(a). The
PDOS shows that the electronic states in the valence band
are primarily contributed by the I 5p orbitals mixed with a
small component of Pb 6s orbitals, whereas the lower part of
the conduction bands are mainly derived from the unoccupied
Pb 6p orbitals [Figs. 3(b)–3(d)]. Hence, the strong s-p and
p-p couplings [61] pull the lower parts of CBs towards the
Fermi level and therefore, results in the reduction of band
gap. Thus, with an increase in Sn concentration, the band

FIG. 4. (a) Imaginary part of a dielectric function, i.e., Im(ε),
and (b) real part of a dielectric function Re(ε) of pristine MAPbI3

and Sn-substituted MAPbI3.

gap is reduced. Since Sn has the same isoelectronic structure
as Pb, it shows a very similar contribution in the DOS plot
[see Figs. 3(e) and 3(f)]. Therefore, the electronic structure
reveals that the reason for strong absorption is the direct p-p
and s-p transitions. This motivates us to proceed further
and explore the optical properties and theoretical maximum
efficiency of these systems.

The optical properties are described by the frequency de-
pendent complex dielectric function ε(ω) = Re(ε) + Im(ε)
which represents a linear response of the system to an external
electromagnetic field. The imaginary part of the dielectric
function is obtained by calculating the interband matrix ele-
ments of the momentum operators [62]. The real part can be
calculated using Kramer-Kronig transformation. To analyze
the optical properties of the MA8Pb8−xSnxI24 perovskites,
we have calculated the real and imaginary part of the di-
electric function of the perovskites in the energy range 0 to
5 eV. The imaginary part of the dielectric function of the
conformers MA8Pb8−xSnxI24 with Sn concentration x ∈ [0, 6]
shows a redshift towards the infrared region. This behavior is
attributed to the gradual reduction of the band gap due to an
increase in Sn atoms. The absorption edge increases with an
increase in x ∈ [0, 6] (Sn content) in MA8Pb8−xSnxI24 [see
Fig. 4(a)]. Similarly, the static value of the real part of the
dielectric constant (at ω = 0) increases, with an increase in
Sn concentration. This indicates a rise in the static value of
the refractive index consecutively with an increase in Sn con-
centration. The static real part of the dielectric constant Re(ε)
(at ω = 0) and refractive index of MAPbI3 have been found to
be 5.89 and 2.4, respectively, which is well in agreement with
the experiment, where refractive index lies in between 2.3–2.6
[63]. Our calculation predicts the peak of Re(ε) for MAPbI3

at 2.2 eV, which is in decent agreement with the experimental
value of 2.4 eV [64]. From Fig. 4(b) it is clearly observed that
peaks are redshifted towards the lower energies in a visible
region, causing a rise in Re(ε) (at ω = 0), with an increase in
Sn content. A large Re(ε) (at ω = 0) (static value of dielectric
constant) is vital for an efficient solar cell absorber because it
provides a high degree of charge screening which can prohibit
radiative electron-hole recombination. Therefore, using the
Re(ε) and Im(ε) part of the dielectric function, any optical
properties including refractive index (η), extinction coefficient
(κ), and absorption coefficient (α) can be calculated using the
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FIG. 5. (a) Absorption coefficient and (b) SLME as a function of
film thickness.

following expressions:

η = 1√
2

[
√

Re(ε)2 + Im(ε)2 + Re(ε)]1/2, (2)

κ = 1√
2

[
√

Re(ε)2 + Im(ε)2 − Re(ε)]1/2, (3)

α = 2ωκ

c
. (4)

These types of spectra provide valuable information on optical
transition probability corresponding to specific light wave-
length. Using Eqs. (3) and (4), the optical absorption coef-
ficients are calculated for MA8Pb8−xSnxI24 (x = 0–6), which
are redshifted and higher than that of undoped MAPbI3 within
the visible light region [see Fig. 5(a)]. Note that the absorption
spectrum alone cannot find the structure having the highest
power conversion efficiency (PCE) for solar cell applications.

D. Spectroscopic limited maximum efficiency (SLME)

To identify and design a highly efficient material for solar
cell applications, we need an approach that extends beyond the
classical one-dimensional Shockley-Queisser (SQ) criterion
[65]. The SQ limit defines the solar cell efficiency on the
basis of band gap (direct or indirect) being in the range of
1.0–1.5 eV. This approach does not take into account mate-
rial dependent absorption spectra and radiative/nonradiative
recombination losses, which play an important role in accu-
rately determining the efficiency of the solar cell. Note that
for the generation of electron-hole pairs, photons with energy
below the energy band gap do not interact with the solar
cell. Therefore we can exclude energies below the energy
band gap. The improvised multidimensional metric called
spectroscopic limited maximum efficiency (SLME) [61,66]
depends on absorption coefficient, the nature of band gap,
and thickness of the thin film absorber layer. This approach,
proposed by Yin et al. [61], was based on Fermi golden
rule and is very much useful for designing a highly efficient
solar cell device. The Fermi golden rule states that the optical
absorption of a photonic energy h̄ω is directly correlated to

2π

h̄

∫
|〈ν | Ĥ | c〉|2 2

8π3
δ[Ec(�k) − Ev (�k) − h̄ω]d3k, (5)

where 〈ν | Ĥ | c〉 is the transition matrix from the states
in valence band (ν) to the states in conduction band (c)
and the integration is performed over the whole reciprocal

TABLE I. SLME at 5 μm absorber layer thickness.

Conformers SLME (%)

MA8Pb8I24 (x = 0) 31.02
MA8Pb7Sn1I24 (x = 1) 33.02
MA8Pb6Sn2I24 (x = 2) 32.21
MA8Pb5Sn3I24 (x = 3) 32.64
MA8Pb4Sn4I24 (x = 4) 31.24
MA8Pb3Sn5I24 (x = 5) 30.49
MA8Pb2Sn6I24 (x = 6) 29.31

space. Using this approach, we have calculated the SLME of
MA8Pb8−xSnxI24 with a concentration of Sn x ∈ [0, 6] as a
function of the thickness of the absorber layers, as shown in
Fig. 5(b). The efficiency curves show that the MA8Pb7Sn1I24

structure has the highest power conversion efficiency (33%)
(red line), while the MA8Pb2Sn6I24 structure has the lowest
power conversion efficiency (29.3%) (blue line) among all
the considered structures. Therefore, with an increase in Sn
concentration up to 50%, the efficiency is reasonably good as
compared to pristine. However, the efficiency decreases above
50% Sn concentration. Note that up to 50% Sn concentration,
the band gap of the conformers is compatible to be used
as an ideal light harvester absorbance (1.1–1.4 eV) [see the
Supplemental Material [55] (Table S2)]. The SLME of the
conformers MA8Pb8−xSnxI24 with Sn content x ∈ [0, 6] at
absorber layer thickness 5 μm is given in Table I. Therefore,
it is highly recommended to dope up to 50% Sn, in order
to enhance the efficiency of the solar cell, beyond 50% the
efficiency of the solar cell degrades. The inset of Fig. 5(b)
shows the SLME with a thin 0.3 μm absorber layer. It is
interesting to note that the solar cell efficiencies are inline with
the thermodynamic stability. We can conclude on the basis of
our calculations that the phases which are thermodynamically
stable have procured high power conversion efficiency [see
Fig. 2(d) and Table I].

IV. CONCLUSIONS

In summary, we have presented an exhaustive and robust
study to explore the role of Pb-� and Sn substitution in
regulating the solar cell efficiency of MAPb1−X−Y SnX �Y I3.
We have found that the first-principles prediction of thermo-
dynamic stability of inorganic-organic halide perovskite is
extremely sensitive to the correct selection of the exchange-
correlation functionals, where the choice of HSE06+SOC
is indispensable. We find that the most stable configuration
is pristine (MAPbI3) itself. However, Sn substitution is also
favored up to 0 < X � 0.5. Our study further confirms that
Pb-�s are not stable at all. The electronic structure of the
stable configurations reveals that the reason for strong absorp-
tion is the direct p-p and s-p transition from the valence band
predominantly contributed by I 5p orbitals and Pb 6s orbitals
to the conduction band Pb 6p orbitals. We have achieved the
highest efficiency of 33% for the composite system, and up to
50% Sn substitution, the efficiency is reasonably good as com-
pared to pristine. The lower formation energy, direct p-p/s-p
transition, high optical absorption coefficient (redshifted),
and maximum solar cell efficiency of the MAPb1−X SnX I3
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(0 < X � 0.5) make it a promising candidate for highly ef-
ficient perovskite solar cells.
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