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ABSTRACT: Hybrid organic−inorganic perovskite solar cells (HOIPs), especially
CH3NH3PbI3 (MAPbI3), have received tremendous attention due to their excellent
power conversion efficiency (25.2%). However, two fundamental hurdles, long-term
stability and lead (Pb) toxicity, prevent HOIPs from practical applications in the solar
industry. To overcome these issues, compositional engineering has been used to modify
cations at A- and B-sites and anions at the X-site in the general form ABX3. In this work, we
used the density functional theory (DFT) to incorporate Rb, Cs, and FA at the A-site to
minimize the volatile nature of MA, while the highly stable Ca2+ and Sr2+ were mixed with
the less stable Ge2+ and Sn2+ at the B-site to obtain a Pb-free perovskite. To further
enhance the stability, we mixed the X-site anions (I/Br). Through this approach, we
introduced 20 new perovskite species to the lead-free perovskite family and 7 to the lead-
containing perovskite family. The molecular dynamic (MD) simulations, enthalpy
formation, and tolerance and octahedral factor study confirm that all of the perovskite
alloys we introduced here are as stable as pristine MAPbI3. All Pb-free perovskites have suitable and direct band gaps (1.42−1.77 eV)
at the Γ-point, which are highly desirable for solar cell applications. Most of our Pb-free perovskites have smaller effective masses and
exciton binding energies. Finally, we show that the introduced perovskites have high absorption coefficients (105 cm−1) and strong
absorption efficiencies (above 90%) in a wide spectral range (300−1200 nm), reinforcing their significant potential applications.
This study provides a new way of searching for stable lead-free perovskites for sustainable and green energy applications.
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I. INTRODUCTION

Perovskites with the structure ABX3 (where A= Rb+, Cs+,
CH3NH3

+ (methylammonium, MA), HC(NH2)2
+ (formami-

dinium, FA), B= divalent ion (Pb2+, Sn2+, Ge2+, etc.), and X =
I−, Br−, Cl−) have recently gained tremendous interest in the
field of photovoltaic technology due to their remarkable single-
junction power conversion efficiency (PCE = 25.2%).1 The
PCE of perovskite (25.2%) is comparable to the established
solar cell PCEs of Si (26.1%) and GaAs (27.8%). MAPbI3 has
excellent properties such as a suitable solar absorbing band gap
(1.55 eV), sharp optical band edge, high absorption coefficient
(104−105 cm−1), and reduced exciton binding energy (10−30
meV). Long diffusion lengths, high mobility (low effective
masses), high defect tolerance, and low fabrication cost
(solution-processable at low temperature)2−11 also make
perovskites prominent. Furthermore, perovskites also find
uses in the field of lasers, light-emitting diodes (LEDs),
photodiodes, and photodetectors.12−15

Despite these impressive properties, stability and toxicity are
two main concerns in their pathways to the commercialization
of these materials. Toxicity happens due to the presence of lead
(Pb) at the B-site of MAPbI3. The instability issue arises from
the highly volatile nature of the A-site MA cation, which makes

it less stable by interacting with the atmosphere (moisture and
air), heat, and light. Moreover, orientation of the MA cation is
also responsible for the stability of the perovskite phase.
MAPbI3 decomposes into CH3NH3I, which further degrades
into CH3I and NH3 at around 80 °C.16 Hence, the MA cation
also poses a key risk in their pathways for commercialization.
To overcome the issue of stability, different strategies have
been used, including mixing the MA cation with more stable
organic/inorganic cations to decrease the highly volatile nature
of MA or mix the X-site halide ions. It is noted that the highest
efficiency (>20%) solar cells achieved so far consist of complex
A-site cation mixing, such as double mixing (MA/FA, Cs/FA,
Rb/FA),17−20 triple mixing (Cs/MA/FA, Rb/MA/FA, Rb/Cs/
FA), and tetra mixing (Rb/Cs/MA/FA)20,21 with better
stability. More importantly, the FA cation is present in all of
these highly performed mixed perovskites because the FA
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cation is more thermally stable as compared to MA, also having
a red-shifted ideal band gap.18,22 FAPbI3 was confirmed to be
free from phase transition between 25 and 150 °C.23 However,
the FA cation is larger in size as compared to the MA cation,
which creates distortion in the lattice and results in a yellow
phase (photoinactive) at room temperature. Meanwhile, a
black phase (photoactive) could only be achieved at very high
temperatures.18 Somehow, to overcome the issue of the yellow
phase, researchers mixed the halide anions (I/Br), and it was
noted that mostly the high-PCE perovskites contain 20% of
bromide (Br) mixing.20,21,24,25 On the other hand, on replacing
or mixing I with Br, the band gap tuned largely (Eg = 1.55 eV
for MAPbI3 and 2.3 eV for MAPbBr3), a blue penalty, which in
turn decreases the absorption efficiency.26,27 Hence, a smaller
ratio of Br should be used. In contrast, mixing the A-site
cations has a very small impact (decrease) on the band gap
because of its weak interaction with the octahedral metal-
halide cage.26

To obtain stable perovskites, researchers have studied MA-
free perovskite materials with PCE < 20% at high temper-
atures.20,28,29 Recently, S.-H. Turren-Cruz et al. performed a
thin-film study on MA cations and MA-free cations and
discovered that MA-free cation-based perovskites are highly
stable as compared to the MA-cation-based perovskites and
achieved PCE 20.35% for Rb5Cs10FAPbI3 (highest PCE in
MA-free perovskites so far). According to their findings, the
thin-film structure cannot provide full evidence for completely
avoiding the MA cation in all future perovskites for long-term
stability.30 Researchers are highly interested in a small ratio of
Rb incorporation at the A-site due to the smaller ionic radius
of Rb.31 The Rb incorporation not only increases the solar
cells’ PCE but is also suitable for photodetectors and light-
emitting diodes (LEDs).31 Recently, Rb containing HOIP
(Rb0.05MA0.95PbI3) achieved a stable efficiency of 18.8%.31 It
has been investigated that Cs incorporation reduces the
number and depth of trap states in perovskite crystals.30

For the stability of the perovskite phase, we should first
follow Goldschmidt’s tolerance factor rules32 (refer to Section
IV). MAPbI3 in highly symmetrical tetragonal (at room
temperature) and cubic (at 60 °C) phases is more stable and
efficient than that in the less symmetric orthorhombic phase
(162 K).33 The structural phase transitions basically degrade
the PCE performance and the stability of the material, which is
directly related to Goldschmidt’s tolerance factor.32 In light of
the above discussion, to increase the stability and maintain the
absorption efficiency, we propose to mix the MA cation with
suitable organic or inorganic ions.34 Furthermore, mixing the
halide anions (especially I/Br, Br < 20%) increases the stability
with less decrease in PCE.35 It has also been investigated that
mixing divalent species at the B-site of MAPbI3 can also
enhance the stability of these hybrid perovskites with strong
absorption.27,36−38

The second aim of this study is to find out nontoxic suitable
alternatives to lead (Pb), having a good absorption efficiency.
As Pb is a highly toxic element, its presence on a commercial
basis with less stability could be highly dangerous for living
organisms because MAPbI3 degrades to PbI2 in the presence of
moisture. Besides this, after the end of lifetime, the solar panel
should be sunk properly otherwise it will pollute the
environment. Although the solar cell made by Pb-based
perovskites can be encapsulated, it is highly desirable to design
Pb-free materials from the very beginning. Researchers have an
obligation to avoid pollution arising from so-called advanced

technology. Therefore, it is necessary to discover environ-
mentally friendly stable hybrid perovskite materials with high
absorption for the commercialization of perovskite solar cells.
For this purpose, we are introducing some new materials to the
perovskite family and expecting their remarkable applications
in the PV industry.
In our previously predicted monoreplacement Pb-free study,

the group II and XIV elements were investigated with the best
alternatives in their 3D counterpart. In single-element
replacements, Sn and Ge were the best alternatives to
Pb,27,39,40 which are experimentally synthesized with a lower
efficiency (<10%) and a smaller band gap (1.30 eV). However,
Sn has a higher mobility (102−103 cm2 V−1 s−1) as compared
to Pb-based perovskites (10−102 cm2 V−1 s−1).41 Basically, the
decrease of PCE in MA (Sn,Ge)I3 is due to the oxidation from
(Sn,Ge)2+ to (Sn,Ge)4+. The rapid oxidation of Sn2+ to Sn4+

makes MASnI3-based perovskites less attractive, while FASnI3
was found stable enough.42,43 Mixed Sn/Pb perovskites
achieved the highest PCE > 19% with mixed Br incorpo-
ration.44 To get desirable band gaps and stable less toxic or
nontoxic perovskites, a trend of mixing Pb with other
homovalent species or Pb-free mixing is of high inter-
est.27,37,45,46 After being mixed with Pb, almost all suitable
homovalent species (Co, Cu, Fe, Mg, Mn, Ni, Sn, Sr, Zn) were
found to have excellent absorption efficiency (Co/Pb = 17.2%,
Sn/Pb = 17.6%), tolerance, and stability.36,47 Through a
density functional theory (DFT) study, it was found that
mixing Ge/Pb or replacing Pb by mixing Bi/(S,Se) and Bi/
(Tl,In) will lead to good absorption and stability.48−50 Mixing
Sr2+ with Pb2+ (CsPb0.98Sr0.02I2Br, MA(Pb/Sr)I3) also resulted
in long carrier lifetimes, excellent Voc, and high fill-factor
(85%) with a stable efficiency of 10.8%.51,52

It is also to be noted that high-entropy alloys of solids
enhance stability, which allows them to be easily synthesized,
processed, analyzed, and utilized for different applications.53

There have been a number of Pb-free perovskite studies for
3D-MAPbI3 with no better optical absorption and stability as
discussed in details. According to the above discussion, Sn and
Ge are the best alternatives to Pb because of their stability in
humid air and high temperature. We hope that PCE will also
increase if we mix Sn and Ge with highly stable Ca and Sr
((Ca,Sr)/(Sn,Ge); 12.5/87.5%). Therefore, to solve the issues
of stability and toxicity, we are introducing three site mixings
(ABX3) using DFT calculations. By mixing A-site cations
(MA/(Cs,Rb,FA); 62.5/37.5%), B-site cations/Pb-free
((Ca,Sr)/(Sn,Ge); 12.5/87.5%), and pure as well as mixed
X-site anions (I/Br; 2:1), we aim to obtain highly stable lead-
free perovskite materials with excellent absorption efficiency.
Using this approach, we expect excellent absorption efficiency
and stability.

II. METHODOLOGY
All calculations were performed using the density functional
theory (DFT) as implemented in the VASP simulation
package.54 Initially, the Perdew−Burke−Ernzerhof (PBE)55

functional was used as an exchange correlation functional for
structural and electronic calculations, while for accurate band
structure calculations, the Heyd−Scuseria−Ernzerhof
(HSE06)56 functional was used. A 2 × 2 × 2 supercell of
the tetragonal structure was allowed to relax. The cutoff energy
for basis functions was selected to be 520 eV. K-points, 3 × 3 ×
3, were used for structural relaxation with a force criterion of
0.025 eV Å−1. For self-consistency and optical properties, k-
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points of 4 × 4 × 4 were used. Special k-points, (0,0,0), (1/
2,1/2,1/2), (0,1/2,1/2), and (1/2,0,1/2), were used for band
structure calculations. We performed the optical properties
with the PBE functional, and then, for corrected optical
properties, we applied the scissors operator.
Through ab initio calculations, we obtained the real and

imaginary parts of the dielectric function and then used them
as input files in the COMSOL Multi-physics simulation
package for calculating the device absorption efficiencies for all
of our predicted perovskite materials. Further details about the
method are given in Section I, methodology (Supporting
Information).
We performed molecular dynamic (MD) simulations of the

2 × 2 × 2 supercell to confirm the stability of these new
materials. For MD simulation, we used PWmat software;57 the
Langevin thermostat was used by fixing the temperature at 300
K. We used the PBE functional while using the norm-
conserving pseudopotential (VWR) and the ultrasoft pseudo-
potential (USPP) from the repository of PWmat. Time steps of
1fs were used due to the large number of light H-atoms in the
crystal structures. The total simulation time of 7 ps was used in
our calculations.

III. RESULTS AND DISCUSSION
To obtain stable and efficient Pb-free perovskite materials for
sustainable and green energy applications, we mixed A-site
cations (MA/Rb, MA/Cs, MA/FA; ratio 62.5/37.5%), B-site
cations (Ca/(Ge,Sn), Sr/(Ge,Sn); ratio 12.5/87.5%), and X-
site halide anions (I/Br; ratio 66.66/33.33%) in the tetragonal
crystal structure of MAPbI3, as shown in Figure 1. Calcium
(Ca2+) and strontium (Sr2+) have highly stable oxidation states,
are environmentally friendly, and are easily available. On the

other hand, simply introducing Sn2+ and Ge2+ at the B-site
(Pb) can easily oxidize to Sn4+ and Ge4+. Therefore, we mixed
highly stable divalent Ca2+ and Sr2+ to Sn2+ and Ge2+ to get
stable lead-free perovskite materials. We expect that the
interaction of stable Ca2+ and Sr2+ with Ge2+ and Sn2+ will
overcome the issue of their oxidation because doping
strengthens the bonding.53 After successful relaxation of all
of the Pb-free perovskite materials, the lattice parameter values
with very less variations (<2%) are given in the Supporting
Information (Table.S1) with full descriptions.

IV. FORMABILITY, ENTHALPY FORMATION, AND
MOLECULAR DYNAMIC SIMULATIONS

To introduce a new molecule/ion into a perovskite material,
we have to investigate its formability by explaining the
tolerance32 and octahedral factor.58 A modified form of the
Goldschmidt tolerance factor was presented by G. Kieslich et
al.59,60 by introducing the effective ionic radii, tf = (rA,eff +
rX,eff)/√2(rB,eff + rX,eff), where rA,eff and rX,eff represent the
effective ionic radii for cation A and anion X, respectively, and
rB,eff represents the B-site cation. We have used effective ionic
radii for A-site cations (MA, FA, Cs, Rb)20 and X-site anions
(I, Br) and Shannon’s radii61 for B-site cations (Ca, Sr, Sn,
Ge), as presented in Table. 1.

According to Goldschmidt,32 the perovskite phase will exist
if the tolerance factor (t) is in the range of 0.8 ≤ t ≤ 1.0. If the
tolerance factor is higher or lower than this range, then the
structure may not exist in the perovskite phase (unstable and
photoinactive).32,59,60 Distortion and tilting in the lead-halide
cage will be created if the A-site cation is large62 or too small,63

which can make the structure less symmetric and photo-
inactive. A highly stable and photoactive cubic perovskite
phase exists in the tolerance factor range of 0.9 ≤ t ≤ 1.0. The
tetragonal phase (I4/mcm, stable and photoactive, t = 0.92) of
MAPbI3 is carefully studied so far at normal temperature. Full
details about the tolerance factor, octahedral tilting, and
enthalpy formation for MAPbI3 are given in the Supporting
Information (Table.S2). Goldschmidt’s tolerance factor (t)
cannot perfectly explain the distortion/tilting, especially when
we introduce a new ion at the B- or X-site of a perovskite. For
this purpose, we have to explain the octahedral factor (μ = r

r
B

X
,

range; 0.377≤ μ ≤ 0.895).58 Octahedral factor/tilting will be
produced if the B-site cation does not fit well with the X6
octahedron, which is responsible for structural distortion/
tilting and has a high impact on structural parameters too.58

It is obvious from the tolerance factor (t) values presented in
Figure 2 that all of the predicted perovskite materials have less
lattice distortion and hence exist in the range of the perovskite

Figure 1. (a) Schematic supercell structure of MAPbI3 taken with
permission from the Journal of Materials Chemistry A as our previous
work.37 It contains eight Pb atoms inside the iodide octahedra, while
the MA cation (CH3NH3) is at the center of the corner-sharing Pb/I
octahedral cage. Relaxed crystal structures for a few materials are
shown in the Supporting Information (Figure S1). (b) Schematic
figure of the A-site cation (MA) is shown, which is less stable due to
the highly volatile nature, which makes MAPbI3 less stable. Therefore,
to decrease the volatile nature of MA, we mixed stable Rb, Cs, and FA
cations with MA.

Table 1. Effective Ionic Radii for A-Site Cationsa

A-site reff tAPbI3 B-site rShannon X-site reff

MA1+ 217 0.92 Ca2+ 100 I1− 220
FA1+ 253 0.99 Sr2+ 118 Br1− 196
Cs1+ 167 0.81 Ge2+ 73 Cl1− 181
Rb1+ 152 0.79 Sn2+ 115

Pb2+ 119
aOn the basis of rA,eff, the tolerance factors (t) for APbI3 (A = MA,
FA, Rb, Cs) are shown. rShannon represents Shannon’s effective ionic
radii for B-site cations. X-site anions’ effective ionic radii are also
shown. Units for all of the radii (reff) are in picometer (pm).
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phase. The same figure also states that germanium (Ge) mixed
materials show a larger distortion, while the remaining
perovskites have less octahedral distortion and tilting (still in
the perovskite phase). The reason behind the larger distortion
and tilting is due to the smaller ionic radii of germanium (r =
73 pm) as compared to other B-site mixed cations, as is clear
from Table 1.
Figure 2 also shows the enthalpy formation (ΔH/f.u.) value,

which is an important factor for the decomposition reaction
(chemical stability) and thermodynamic stability of materials.
It has been investigated that MAPbI3 decomposes to MAI +
PbI2,

16 while for other Pb-based materials, the decomposition
reactions are shown in Section SII (Supporting Information).
The following decomposition reaction has been used in our
triple-iodide (I3) and mixed-halide (I2Br1) perovskites.
MAnCs1−nSr1−bSnbI3 and MAnCs1−nSr1−bSnbI2Br1 have been
chosen as examples.

Δ =

− [ + − +

+ − + ]

− −H E

nE n E bE

b E cE

(MA Cs Sr Sn I )

(MAI) (1 ) (CsI) (SrI )

(1 ) (Sn) (I )

n n b b1 1 3

2

2 (1)

Δ =

− [ + − +

+ − + ]

− −H E

nE n E bE

b E cE

(MA Cs Sr Sn I Br )

(MABr) (1 ) (CsBr) (SrI )

(1 ) (Sn) (I )

n n b b1 1 2 1

2

2 (2)

where n, b, and c represent ratios 0.625, 0.125, and 0.875,
respectively.
The enthalpy formation (ΔH) values obtained from the

decomposition reactions in Figure 2 show that except for Pb-
containing materials (MARbPbI3, MACsPbI3, MAFAPbI3), all
of the remaining predicted perovskites are thermodynamically
stable. The more negative the ΔH value, the more stable will
be the material. MAPbI3 is marginally stable (ΔH = −0.01),
which is consistent with the previous results (Supporting
Information, Table.S2). Due to the more stable tolerance

factor and octahedral values, all of the Sn-based perovskites
have highly negative ΔH values and thus are stable enough. In
the case of mixed-halide (I/Br) perovskites, the tolerance
factor, octahedral factor, and enthalpy formation values are
given in the Supporting Information (Figure S2), confirming
that all Pb-free mixed-halide perovskites are stable enough. In
our previous works,27,37 where we studied only B-site mixing
(Pb-free), we obtained less negative ΔH values; however, in
this study, by mixing Rb, Cs, and FA cations with the A-site
MA, the ΔH values were very negative. Therefore, we can say
that not only B-site mixing (Pb-free) enhances the stability, but
mixing Rb, Cs, and FA cations with MA (less stable) can also
enhance the stability, as is obvious from Figure 2.
To further confirm the stability of these materials, we

performed MD simulations. As MD calculations are very time-
consuming, we selected three materials from pure triple iodide
((MACs(CaSn)I3, MARb(CaGe)I3, MARb(SrGe)I3)) and
only one from mixed iodide-bromide (MAFA(SrSn)I2Br1).
From MD simulation plots (Fig.S3), the time-dependent
evaluation of potential energies was found to oscillate within a
narrow range, during the entire simulation time, indicating that
these newly predicted HOIPs can maintain their structural
stability at room temperature. In the case of a mixed-halide
system (MAFA(SrSn)I2Br1), we can see little higher
oscillations as compared to pure triple-iodide systems. This
behavior may be attributed to the larger size of the FA cation,
which distorts the structure further, confirming the larger
deviation of the lattice parameters (Table.S1), or may be due
to the highly correlated atomic motion. We can conclude that
similar to the alloyed Sn or Pb materials, which appear to have
unprecedented high stability, we also expect high stability for
our alloyed systems (Ca/Ge,Sn; Sr/Ge,Sn).

IV.I. Electronic Properties. After successful relaxation of
all of the perovskite structures, the lattice parameter values are
given in the Supporting Information (Table.S1). The lattice
volume decreases in Rb- and Cs-based perovskites as
compared to the pristine MAPbI3. This decrease (lattice
constants decrease too) is basically due to the smaller ionic
radii of Rb and Cs than that of MA, which reinforces the
interaction between the organic cation and the octahedral
cage; hence, the photostability and moisture stability are
expected to increase.
Suitable and direct band-gap materials are in high demand in

the PV industry. A theoretical study revealed that changes in
the density of states occur due to the incorporation of different
cations and anions at the X−Pb−X bond angle and length and
also by changing the chemical composition, which results in
tuning the band gap.64 Band gaps higher than 2.0 eV and less
than 0.9 eV are less efficient because most of the Sun radiations
reaching the Earth’s surface have energy less than 2 eV.
Furthermore, materials having a band-gap range of 0.9−2.0 eV
are suitable not only for single-junction solar cells but also for
the top and bottom cells in the tandem architecture. Figures 3
and 4 show the band-gap values (HSE06) for all of our newly
predicted Pb-free perovskite materials in comparison to
MAPbI3, MARbPbI3, MACsPbI3, and MAFAPbI3, which
have also been studied previously. Through HSE06 calcu-
lations, the band-gap value for MAPbI3 is 2.20 eV, while the
PBE band-gap value is 1.63 eV (Figure S4), well consistent
with the experimental band-gap values of 1.50−1.70 eV.41,65−69
Some previous results, as well as our own previous study,
confirm that PBE gives accurate band-gap values only for lead
(Pb)-containing (MAPbX3; X = I,Br,Cl) perovskites,70 while

Figure 2. Black square symbols represent the tolerance factor (tf) and
octahedral factor (μ) values. Results show that all of the investigated
Pb-free materials have perovskite phase stability. Blue triangle symbols
indicate the enthalpy formation (ΔH) values for all of our predicted
Pb-free and non-Pb-free perovskite materials. ΔH confirms the
thermodynamic stability of all of the perovskites except for the Pb-
containing materials as shown in the rectangular light-orange box. We
can see that MAPbI3 is marginally stable. The stability criteria for the
tolerance factor, the octahedral factor, and enthalpy formation are
shown inside the box.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c14595
ACS Appl. Mater. Interfaces 2020, 12, 49636−49647

49639

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c14595/suppl_file/am0c14595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c14595/suppl_file/am0c14595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c14595/suppl_file/am0c14595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c14595/suppl_file/am0c14595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c14595/suppl_file/am0c14595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c14595/suppl_file/am0c14595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c14595/suppl_file/am0c14595_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14595?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14595?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14595?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14595?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c14595?ref=pdf


HSE06 overestimates the band gap in the case of Pb-
containing perovskites.27,37,71 Thus, from Figures 3 and 4, we
can see very wide band gaps (>2.0 eV) in the case of Pb-
containing perovskites. From our previous study,27 in the case
of monoreplacement Pb-free perovskites (especially Sn- and
Ge-based), HSE06 gives very accurate band-gap values, well
consistent with experimental results. The experimental band-
gap value for MA0.7FA0.3PbI3 is 1.58 eV,72 while in our case,
the HSE06 and PBE band-gap values for MA0.625FA0.375PbI3
are 2.33 and 1.61 eV, respectively (Figures 3 and S4), which
shows that the PBE value (1.61 eV) is well consistent with the
experimental value (1.58 eV). From the above discussion, it is
to be noted that the SOC effect can decrease the band-gap
value by around 1.0 eV. If one includes the SOC effect along

with the GW functional, then it is possible to obtain accurate
band-gap values to that of the experimental one in the case of
Pb-containing perovskites, but it is not sure to be possible in
the case of PBE+SOC calculations.42 It is to be noted that we
did not include SOC effect in this study because (i) we
replaced the B-site heavy element Pb with light elements Ca/
Sr:Sn/Ge (showing smaller SOC effects) and (ii) it is very
time-consuming for large data (total 28 materials) and large
supercell (96 atoms) systems. In the mixed-halide approach
(I/Br), the band-gap values increased on average by 0.1 eV
(Figure 4) as compared to the pure triple-iodide (I3)
perovskites. All of our newly predicted perovskites show a
direct band-gap nature at the γ (Γ) point. For our Pb-free
mixed A-site and B-site cations, the band-gap values are in the
range of 1.42−1.62 eV, an ideal range73 for single-junction
solar cells. The FA cation has a larger ionic radius than the MA
cation does, which increases the lattice constants (clear from
Table.S1) and consequently weakens the p−p hybridization
due to the longer distance between atoms. Thus, the valence
band maximum (VBM) shifts down and the band gap
increases. The band structures of all of the studied Pb-free
perovskites are shown in Figures 5 and S4 in comparison to
MAPbI3 and other Pb-based perovskites. From the band
structure plots, we can see that the valance bands (VBs) of all
of our predicted perovskites are highly dispersive as compared
to the VBM of MAPbI3, while the conduction band (CB) is
not that dispersive. Band structures of the mixed B-site Sn-
based perovskites are more dispersive as compared to the Ge-
and Pb-based perovskites. It is seen that there are one to three
dispersive energy bands at the VB and CB of our predicted Pb-
and Ge-based perovskites, while the remaining bands are
highly dense, especially at the VBM. This behavior was not
observed in the Sn-based perovskites, where especially the
valance band is highly dispersive. We cannot observe any big
difference in the electronic properties due to alloying different
A-site cations. Tunability of band gaps is observed in those A-,
B-, and X-site alloyed materials, which have larger ionic radii.
It is to be noted that the more dispersive the VB and CB are,

the lower the effective masses will be. The lower the effective
masses are (<1.0m0), the higher will be the carrier mobility,
which is also an essential parameter for PV applications. Table.
2 shows the effective mass values for all of our Pb-free
perovskite materials. All of our newly predicted perovskites
show low hole and electron effective masses, which is
responsible for the high electron and hole transport ability
(mobility) of free charge carriers. The method for calculating
the effective masses is shown in Section VII (Supporting
Information).
We also calculated the reduced effective mass mr* (1/mr* =

1/me* + 1/mh*), an important parameter for calculating the
exciton binding energy (Table. 2). The exciton binding energy
(Eb) is the energy required to dissociate excitons into free
charge carriers before they can be collected. For PV
applications, a smaller value of Eb is highly favorable to
minimize the energy loss. This can be calculated using the
Wannier equation74
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where mr* is the reduced effective mass of excitons, me is the
electron mass, ε0 is the vacuum permittivity, e is the electron
charge, εs is the static dielectric constant, and ℏ is the Plank

Figure 3. Band-gap values with HSE06 calculations for all of our
predicted mixed A-site and B-site (Pb-free) perovskite materials. The
LT cyan horizontal band represents an ideal range for the single-
junction solar cells. Except for Pb-based perovskites, all of the
remaining perovskites are in the optimum range (0.9−1.6 eV) of
single-junction solar cells. Pb-containing perovskites have a large band
gap and hence are suitable for the top cell in the tandem solar cell.

Figure 4. HSE06 band-gap values for all of our predicted mixed A-
site, B-site (Pb-free), and X-site perovskite materials in comparison to
MAPbI3. The green horizontal band represents an ideal range for the
single-junction solar cell, while the light-orange band represents the
optimum band-gap range for the top cell in the tandem solar
approach.
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constant. We calculated the exciton binding energy for all of
our Pb-free perovskites in comparison to the previous values of
MAPbI3 (2−75, 38 meV),3,68,75−79 silicon (15 meV),80 and
GaAs (4.2 meV).80 We did not include excitonic effect in our
calculations; thus, a minor error should be expected. Our
calculated exciton binding energies for MAPbI3 (9.58 meV)

are well consistent with the previous theoretical and
experimental results and close in the case of GaAs (4.2
meV), as shown in Table. 2. In the case of MAPbI3, the
experimental excitonic binding energy is higher than other
conventional solar cell materials (as shown in Table. 2), but
still MAPbI3 has been investigated as an excitonic material. In

Figure 5. (a) Band structures for all of our predicted new perovskite materials with the HSE06 functional in comparison to MAPbI3. In the case of
Sn-based perovskites, the valance band is highly dispersive, while the conduction band is a bit dispersive in comparison to the Pb- and Ge-based
perovskites.

Table 2. Effective Mass Values of Pb-Free Perovskite Materials,b

material W me* (this) mh* (this) me*(prev) mh*(prev) mr* εs Eb (this) Eb (prev)

Si 3.69 0.25 0.13 0.19 0.16 0.086 13.59 0.69 15
GaAs 4.31 0.36 0.22 0.35 0.07 0.14 15.61 0.84 4.2
MAPbI3 4.69 0.37 0.28 0.19,0.30 0.25,0.25 0.16 4.91 9.85 2−75,38,15
MAPbI2Br1 6.39 0.18 1.50 0.16 4.52 11.72
MARbPbI3 5.97 0.35 1.57 0.29 4.99 17.12
MARbPbI2Br1 6.49 0.47 0.43 0.22 4.55 16.17
MARb(CaGe)I3 4.27 0.31 1.32 0.25 6.84 7.99
MARb(CaGe)I2Br1 4.37 0.58 0.59 0.29 6.37 10.76
MARb(CaSn)I3 4.43 0.60 0.46 0.35 5.57 16.60
MARb(CaSn)I2Br1 4.67 0.83 0.25 0.22 4.99 13.18
MARb(SrGe)I3 4.35 0.24 0.50 0.21 6.75 6.76
MARb(SrGe)I2Br1 4.41 0.36 0.63 0.23 6.29 8.64
MARb(SrSn)I3 4.51 1.00 0.56 0.40 5.43 20.23
MARb(SrSn)I2Br1 4.93 0.70 0.25 0.20 4.88 12.54
MACsPbI3 5.85 0.40 0.23 0.31 5.01 18.42
MACsPbI2Br1 6.07 0.90 0.22 0.38 4.65 26.00
MACs(CaGe)I3 4.35 0.53 0.29 0.23 6.82 7.38
MACs(CaGe)I2Br1 5.39 0.75 0.46 0.31 4.42 23.79
MACs(CaSn)I3 4.31 0.63 0.41 0.31 5.52 15.31
MACs(CaSn)I2Br1 4.55 0.61 0.18 0.16 5.04 9.54
MACs(SrGe)I3 4.39 0.91 0.71 0.48 6.61 16.46
MACs(SrGe)I2Br1 4.49 0.82 0.60 0.39 4.42 29.58
MACs(SrSn)I3 4.47 0.73 0.45 0.31 5.34 16.81
MACs(SrSn)I2Br1 4.67 0.65 0.59 0.13 4.91 19.15
MAFAPbI3 6.05 0.15 0.91 0.11 4.91 7.97
MAFAPbI2Br1 6.17 0.12 0.98 0.11 4.33 8.51
MAFA(CaSn)I3 4.67 0.91 0.37 0.26 5.10 15.08
MAFA(CaSn)I2Br1 4.97 0.85 0.92 0.44 4.46 33.15
MAFA(SrSn)I3 4.65 0.94 0.42 0.29 4.88 18.13
MAFA(SrSn)I2Br1 4.93 0.90 0.99 0.61 4.57 43.18

aHere, “this” indicates the present study and “prev” is used for previous studies. bElectron−hole pair creation energy (W in eV), effective mass of
electrons and holes (in units of bare electron mass m0; MAPbI3,

29 silicon,42 GaAs81), reduced effective masses (mr*), static dielectric constants (εs),
and exciton binding energy (Eb in meV; MAPbI3,

3,68,75−79 silicon,80 GaAs.80) for all of our simulated perovskite materials are presented with the
present and previous results in comparison to Si, GaAs, and MAPbI3.
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our calculations, the Ge-based Pb-free perovskites show a
smaller excitonic binding energy, while Sn-base perovskites
show comparably larger excitonic binding energies. MAPbI3
(9.85 meV), MAFAPbI3 (7.97 meV), and MAFAPbI2Br1 (8.51
meV) show smaller excitonic binding energies as compared to
other materials. We expect that this low exciton binding energy
is responsible for the photogenerated excitons dissociating
spontaneously into free charge carriers, which further
strengthens the long diffusion length of charge carriers. It is
worth noting that in HOIPs, exciton dissociation is not a big
issue. With Eb = 55 meV, almost 90% of the absorbed photons
still lead to free charge carriers at exciton densities relevant to
photovoltaics (∼1016 cm−3).3

Both MAPbI3 and MAPbI2Br1 show strong p−p transition
(I-p to Pb-p) from VB to CB (Supporting Information Figures
S6 and 5), forming strong covalent bonding. This may be one
of the reasons for their outstanding electronic properties. In all
Sn-based perovskites, the transition is from the I-p to Sn-p
orbitals except for MACs(CaSn)I3, where the transition is from
Sn-s to I-p (Supporting Information Fig.S6), and this is the
reason why MACs(CaSn)I3 show better dispersive nature
(Figure 5). Ge-based Pb-free perovskites show the same
transition behavior (I-p to Ge-p) to pristine MAPbI3
(Supporting Information Fig.S6). The s−p and p−p transitions
are responsible for low effective masses, which is one of the
important factors in enhancing the charge carrier’s mobility. In
perovskite solar cells, the p−p transition is responsible for the
strong optical absorption. Table. 2 shows that our calculated
effective masses for MAPbI3, Si, and GaAs are in good
agreement with the previously calculated results.29,42,81

IV.II. Optical Properties and Absorption Efficiency.
We calculated optical properties of all of the listed materials
with the PBE functional and then used the scissors operator
(for a detailed description, see section VIII, “scissors operator”
in the Supporting Information) for the corrected optical
properties, with a rigid shifting of the CB and VB, which alters
the energy gap but retains the same dispersion. In fact, the PBE
functional underestimates the optical band gap, which on the
other hand overestimates the optical absorption.82 The
absorption coefficient is an important parameter of the
material’s optical absorption. Figures 6 and S7 (Supporting
Information) show the absorption coefficient for all of our
predicted perovskite materials in comparison to Si, GaAs
(current leading PV partners), and MAPbI3. All of our
simulated Pb-free perovskites show strong absorption co-
efficient values similar to those of previously investigated
absorption coefficients for MAPbI3 (104−105 cm−1), Si, and
GaAs. The absorption coefficients of Si and GaAs are a little
higher than that of MAPbI3. All of our Pb-free materials show
very sharp absorption edges, confirming their direct transition
from VB to CB. In the case of mixed-halide perovskites (I/Br;
Figure S7), the absorption coefficient decreases as compared to
pure iodide (I3)-based perovskites because of the Br
incorporation. Mixing A-site (Rb, Cs, FA) cations in the Pb-
based perovskites somewhat increases the optical band gap.
Thus, the absorption curve moves to higher energies as
compared to MAPbI3, which decreases the optical absorption.
In the case of B-site Sn- and Ge-based perovskites, Sn-based
perovskites show a stronger optical absorption than the Ge-
based ones, as is obvious from Figures 6, 7, and S7. It has been
experimentally investigated that Rb0.05MA0.95PbI3 has a stable
efficiency of 18.8%;31 thus, we expect high efficiency in our Pb-
free study too, as seen from Figure 7. According to the AM 1.5

solar spectrum (shown in Figure 6), 98% of the light photons
reaching the Earth’s surface have energy below 4.0 eV. It is
worth noting that all of our predicted Pb-free perovskite
materials show high absorption below 4.0 eV (covering visible,
infrared, and ultraviolet regions of the light spectrum); hence,
we expect high absorption in these new perovskite materials.

Figure 6. Absorption coefficient (α) plots for all of our new predicted
Pb-free perovskite materials are shown in comparison to Si, GaAs, and
MAPbI3. AM 1.5-Solar spectral irradiance (Wm−2 eV−1) has also been
presented for comparison.

Figure 7. (1) Schematic figure of the simulated device structure for
calculating the absorption efficiencies (bilayer) is shown, and the
same device structure with a single layer was used for single layer’s
efficiencies. Full description of this device structure is provided in
Section III of the Supporting Information. Single-layer device
absorption efficiencies for all of our mixed A-site and B-site predicted
Pb-free perovskite materials in comparison to MAPbI3; for
comparison, we also included Si and GaAs (PBE results).
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Table. S3 (Supporting Information) shows the refractive
index (n), extinction coefficient (k), and dielectric function (ε1
and ε2) values for all of our predicted perovskites in
comparison to the present and previous values for Si, GaAs,
and MAPbI3. Our calculated optical results are well consistent
with previous results (Table.S3).
Here, we are interested in the carrier collection efficiency, to

see the strength of the optical absorption. Due to the
absorption of incident photons, an electron−hole (e−h) pair
will be generated. For electron−hole pair generation, the
required average energy is known as the electron−hole pair
generation energy (W). Using the empirical model proposed
by Devanathan and co-authors,83 W = 2Eg + 1.43, where Eg is
the band gap of the material. For all of our listed perovskites,
the electron−hole pair energy (W) values are shown in Table.
2. The higher the W value is, the lower the photovoltaic
performance will be. We can see that the electron−hole pair
creation energy for pristine MAPbI3 (W = 4.63 eV, using PBE
Eg = 1.63 eV) is higher than that for most of our Pb-free
perovskite materials and is comparable to the energy for GaAs
(4.31 eV). Pb-based perovskites and mixed FA-based perov-
skites show a little higher W values. The number of e−h pairs
per photon absorbed in the material can be calculated by the
internal quantum yield (η = hν/W). Assuming that all of the
materials are exposed to the same light radiation, which
absorbs the same photon energy, all of our new materials,
especially pure iodide (I3), Pb-free perovskites, and MARbCa-
GeI3, show the highest internal quantum yield. This states that
each absorbed photon can generate a separate e−h pair, which
will be collected at the electrodes, leading to a higher charge
carrier collection efficiency.84 This will increase the internal
quantum efficiency (IQE) to 100%, further enhancing the
short-circuit current (Jsc) and open-circuit voltage (Voc).

84,85

As the absorption of these Pb-free perovskites is very strong,
we further investigated their solar device performance. We
made a single-junction solar cell device (Figure 7(1)) to study
the absorption efficiency of these newly predicted Pb-free
perovskites in comparison to MAPbI3, Si, and GaAs. It is to be
noted that in the case of MAPbI3, we used the PBE dielectric
constants for calculating their absorption efficiency because the
PBE results (electronic and optical properties) are well
consistent with the experimental results. From Figure 7a,b,
the device absorption efficiencies for Pb-containing and Pb-
free mixed A-site (Rb/MA, Cs/MA) cations are presented.
Here, in the case of Pb-containing perovskites, the absorption
efficiency is very low compared to the pure MAPbI3 and our
Pb-free study. We can see that for Sn-based perovskites at the
B-site (Pb-free), the absorption efficiency is very smooth and

high (>80%) above 900 nm of the light spectrum. In the case
of Ge-based perovskites, the absorption window is very broad
(1000 nm) but the absorption efficiency is less (>70%). For
mixed A-site FA/MA and B-site Sn-based cations, the
absorption efficiency is strong (>80%) in a wavelength range
of 800 nm. Rb incorporation at the A-site also somewhat
enhances the absorption efficiency compared to the Cs and FA
incorporation. The absorption efficiency in our entire Pb-free
study is very high and has a broad spectral window as
compared to MAPbI3. Although the absorption efficiency of
GaAs is not that high (70−80%), the absorption window is
very broad, which smoothly goes above >1000 nm of the light
spectrum. In the case of mixed-halide (Figure 8) Pb-free
perovskites, the absorption efficiencies are lower as compared
to the pure iodide (I3)-based perovskites; this is because of the
wider band gaps, which result in bromide incorporation.
Single-junction solar cell is not a sound approach to achieve

high absorption efficiency because photons with energies less
than the band gap (sub-band gap loss ∼23%) and higher than
the band gap (thermalization loss ∼29%) will not contribute at
all. Due to thermalization, the excited electrons relax at the
conduction band edge, which basically limits the absorption
efficiency. To overcome these limitations, two-junction (or
tandem) and multijunction solar cells make use of several
absorber layers with different and suitable band gaps. On
stacking different absorbing layers, photons with a high energy
are absorbed by the material having a wider band-gap
semiconductor and photons having a lower energy are allowed
to pass through the top layer to reach a smaller band-gap
semiconductor (bottom cell), leading to a more efficient use of
solar energy. The top-cell material should have a wider band
gap (1.6−2.5 eV), while the bottom-cell band gap should be
narrow (0.9−1.4 eV). The ideal band-gap range for the top cell
is 1.75 eV, while for the bottom cell it is 1.3 eV. To date, the
perovskite tandem solar efficiency has reached 25%, higher
than the established silicon single-junction solar cell. Our aim
is to achieve absorption efficiency over 90% in a broad
absorption window (>1000 nm), for which the only possible
way is to use a tandem approach. Tandem architecture is a
cost-effective approach to get a wider range of the light
spectrum. In the tandem approach, it is worth noting that the
top-cell material should be transparent or semitransparent to
allow the light rays to reach the bottom cell.
Therefore, we use the bilayer tandem solar cell approach to

further enhance the absorption efficiency. For avoiding the
strain between the two stacking layers, we selected a
combination of materials having the maximum matching
lattice parameters. For the top cell, we selected the best

Figure 8. In comparison to Figure 7, the single-layer device absorption efficiencies decrease when we mixed X-site anions (I/Br). It is due to the
increase of band gaps; the higher the Br ratio is, the higher will be the band gaps and hence the lower will be the efficiency. MAPbI3 has also been
presented for comparison.
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absorption efficiency perovskites from the single-junction
approach with suitable band gaps, i.e., MACs(SrSn)I2Br1 (Eg
= 1.62 eV), MAPbI3 (PBE Eg = 1.63 eV), and MAFA(SrSn)-
I2Br1 (Eg = 1.75 eV). Similarly, for the bottom cell, we also
selected the best absorption materials (MACs(CaGe)I3, 1.46
eV; MACs(CaSn)I3, 1.44 eV; and MARb(CaSn)I3, 1.5 eV)
from the single-junction approach (Figure 7) along with the
established PV Si and GaAs materials. It is obvious from Figure
9 that MACs(SrSn)I2Br1 (Eg = 1.62 eV) and MAPbI3 (PBE Eg
= 1.63 eV) as top cells give excellent absorption efficiencies
(above 90%) in a wide range of the light spectrum (∼1200
nm) with their bottom-cell counterparts as compared to the
top-cell MAFA(SrSn)I2Br1 (Eg = 1.75 eV). In our previous
theoretical bilayer study,86 (MAPbI3/GeSe) efficiency of
23.77% was achieved, which confirms that MAPbI3 also acts
well as a top cell with nonperovskite materials. Here, in the
case of MAPbI3 (Eg(PBE) =1.63 eV) as a top cell, we can see an
abrupt decrease (reaching below 70%) in the absorption in a
short wavelength range of 300−400 nm, but after that, the
efficiency goes higher and becomes smooth until 1100 nm of
wavelength. Here, in our bilayer study, GaAs as a bottom cell
shows the best absorption efficiency with their top cells as
compared to other bottom solar cell materials (Figure 9). We
also calculated the absorption efficiency in the case of
MAFA(CaSn)I2Br1 as a suitable candidate material for the
top cell with the above-mentioned bottom-cell materials (see
Figure S8). In the tandem approach, the absorption window
extended from 1000 nm (single-layer absorption) to 1200 nm
with enhanced absorption efficiency (reaching 100% in some
ranges of wavelengths), especially in MAPbI3/GaAs and
MACs(SrSn)I2Br1/GaAs. According to the above discussion,
the absorption efficiency not only enhances (goes above 90%)
but also covers the entire light spectrum (visible, infrared, and
ultraviolet) reaching the Earth’s surface. Thus, we can expect
that these Pb-free perovskites have the potential to be used in
realistic high-performance solar cells.

V. CONCLUSIONS

The aim of this study was to discover new environmentally
friendly stable perovskite materials for sustainable and green
energy applications. We investigated the incorporation of Rb,
Cs, and FA with the MA cation at the A-site of 3D-MAPbI3.
The reason behind the A-site mixing was to decrease the
volatile nature of the MA cation, which make it less stable. To
achieve Pb-free stable perovskites, we mixed Ca/(Sn,Ge) and
Sr/(Sn,Ge) at the B-site. To further enhance the stability, we
mixed halide anions (I/Br). Enthalpy formation, MD

simulations, and tolerance and octahedral factors confirm
that all of our newly predicted perovskite materials are stable
enough compared to pristine MAPbI3. We observed that not
only B- and X-site mixing increases the stability, but also A-site
mixing was also responsible for their stability. The direct band-
gap values (1.42−1.77 eV) for all of our mixed Pb-free
perovskites are in the optimum range of single-junction and
top-cell tandem approach. We observed that mixing halides (I/
Br) tuned the band gap, which directly affects (decrease) the
electronic and optical absorption. All of our Pb-free perovskite
materials have highly dispersive VB and CB (smaller effective
masses), which may result in high charge carrier mobility with
excellent transport properties. Our calculated exciton binding
energies for pristine MAPbI3 and GaAs are well consistent with
previous results. Most of our Ge-based perovskites have small
exciton binding energies (<20 meV). Among the 28 total
studied perovskite materials, Pb-free MARb/MACs(CaGe,
CaSn)I3 are found to have a strong and broad absorption in
the single-junction approach. To overcome the thermalization
and sub-band-gap losses, we used the tandem approach in
which MACs(SrSn)I2Br1/GaAs and MAPbI3/GaAs were
found to be the best top/bottom combinations in this study
for PV applications. The strong absorption efficiency (above
90%) in a wide spectral range (300−1200 nm) confirms their
potential in the field of solar cells. This study will provide a
new direction in designing stable Pb-free perovskite materials
for green energy applications.
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