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Abstract 
To aid the development of Pb-free perovskite solar cells, the stability of the iodide 
perovskite structure ABI3 has been investigated by first-principles calculations, Bader 
charge analysis, and the cluster expansion method. At the A sites, methylammonium 
(MA, CH3NH3+), formamidinium (FA, CH(NH2)2+), and Cs+ were modeled, while at the B 
sites, one or two elements from Pb, Sn, Ge, In, Ga, Bi, and Sr were examined. For the 
partially substituted system A(B,B')I3, we found that the stability strongly depends on 
the identity of the A-site cation. For example, Cs(B,B')I3 structures are stabilized by a 
mixture of divalent cations, such as Pb, Sn, and Ge, at the B site. Concerning the 
stabilization mechanisms, Coulomb energy gain seems to be the origin of the structural 
stability in A = Cs structures. From our results, Cs(B,B')I3, where the B site is occupied 
by divalent cations, are possible candidates for high stability, lead-free solar cell 
materials. 
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Introduction 

As generators of renewable energy, solar cells are very attractive devices, and these 
are being developed for the realization of a sustainable low-carbon society. Recently, an 
organic–inorganic hybrid perovskite solar cell was reported by Miyasaka et al.1. In this 
cell, the conversion efficiency reached 22.1%2, and this value is similar to those of silicon-
based solar cells, which are, currently, the most popular type of solar cell. Therefore, 
perovskite-based devices are expected to be the next generation of solar cells. In this type 
of solar cell, the iodide perovskite compound CH3NH3PbI3 is used as the light absorbing 
layer. This material has a long carrier life, and this is one of the reasons for its 
photoelectric conversion properties. Furthermore, the fabrication of this solar cell is easy 
via a printing method, allowing low-cost production. 

The chemical formula of the perovskite type crystal structure can be represented as 
ABX3. Figure 1 shows the crystal structure of (a) perovskite-type CsPbI3 and (b) and (c) 
show the structures of CH3NH3 and CH(NH2)2, respectively In the CH3NH3PbI3 
perovskite, the A, B, and X sites are occupied by organic methylammonium (MA, 
CH3NH3+), Pb, and I, respectively. For the practical use of perovskite solar cells, the use 
of lead, which is toxic, will become a serious issue. Another problem is in the relatively 
low stability of the crystal structure of CH3NH3PbI3, and there have been several reports 
that perovskite compounds with organic molecule are unstable in the presence of 
moisture, oxygen, light, and heat3―5. Therefore, the improvement in the stability of the 
crystal structure is a critical issue.  
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To solve these issues, the search for lead-free and highly stable perovskite 
materials has been conducted both theoretically and experimentally. Recently, first-
principles calculations have become one of the most attractive calculation tools in the 
search for new materials. For lead-free iodide perovskites, MASnI3, CsSnI3, MASrI3, 
MABiSI2, MABi0.5Tl0.5I3, and MACaI3 have been suggested to be promising candidates 
by first-principles calculation6―12. The electronic structures and band gaps have also 
been investigated by this calculation technique. In addition, several chalcogenides, 
such as CaTiS3 and CaZrSe3, have also been investigated as possible photovoltaic 
materials13. In addition, the A-site dependence14,15, double perovskite structure16―19, 
and the halogen-site substitution effects on the stability and band gap have been 
investigated for I, Br, and Cl20. For the investigation of bulk alloy systems, an 
algorithm has been developed that has been highly successful at finding the most likely 
ground state configuration. The algorithm is based on a cluster expansion of the energy 
of an alloy21―25 and can consider many more structures than a straightforward trial 
and error search by ab-initio calculation. 

In this study, we focused on the search for the lead-free or lower-lead-content 
iodide perovskite compounds. Thus, the stabilities of iodide perovskite compounds 
where Pb is fully substituted or partially substituted by other cations have been 
investigated. As described above, X-site substituted system were studied by Yin et al.20, 
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Figure 1. (a) Crystal structure of the iodide 
perovskite CsPbI3 and two ABI3 A-site 
molecules (b) CH3NH3+ (MA) and (c) CH(NH2)2+ 
(FA). 
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but B-site partially substituted systems have not been studied before in the extended 
composition region, except for ordered double perovskite systems16―19. Therefore, we 
examined the stabilities of iodide perovskites with ABI3 structures constructed by 
replacing Pb2+ with other ions. For partially substituted system, we employed the 
cluster expansion method (CEM) to find the ground state of the A(B,B')I3 solid solution. 
For the A sites, two kinds of organic molecules, MA and CH(NH2)2+ (FA), and one 
inorganic ion, Cs+, were considered. We found that the stability of the partially 
substituted system A(B,B')I3 is strongly dependent on the identity of the A-site ion. 
Cs(B,B')I3 is stabilized by a mixture of divalent cations, such as Pb, Sn, and Ge. On the 
other hand, MA(B,B')I3 and FA(B,B')I3 are stabilized in the In-Sn and In-Bi systems. To 
discuss the microscopic mechanism of the role of A-site ions on the structural stability, 
we have studied the electronic and bonding states between each site. The oxidation 
state of each ion was evaluated by Bader charge analysis, and the Coulomb energy gain 
expected in the partially substituted system is discussed as a possible mechanism for 
the stabilization of Cs(B,B')I3.  
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Computational methods 
In this study, the fully substituted structure ABI3 and the partially substituted 

structure A(B,B')I3 were investigated. The latter system is more complex than the former 
because it has many configurational degrees of freedom, even at a fixed composition. 
Among the many configurations, the most stable structures were determined by the 
cluster expansion method22,23 combined with first-principles calculations.  

The cluster expansion of the energy is given simply by 
 

,
    (1) 

 
where E is the energy per site in the structure. The cluster correlations, xa, are 

expressed as products of the occupants of the sites that make up cluster a. The sum runs 
over clusters a, and Ja is the effective cluster interaction (ECI) associated with the cluster. 
Note that, while the ECIs are generally unknown, the energies of the structures can be 
computed using first-principles methods such as density functional electronic structure 
methods. Once energies for a set of structures have been obtained, the ECIs can be 
obtained by inverting the cluster expansion, provided that the summation over clusters 
can be truncated. Importantly, now that approximate ECIs are known, the energy of any 
structure can be predicted using the cluster expansion. This easy computation of 
energies from ECIs and ECIs from energies is at the heart of the cluster expansion 
algorithm for ground-state searching.  

The many ordered structures of different compositions were constructed on the lattice 
of each phase by using the “Alloy Theoretic Automated Toolkit” (ATAT) code21. The total 
energy calculations were performed using the Vienna ab initio program (VASP) code26,27, 
which is based on density functional theory. The exchange and correlation functions were 
given by the generalized gradient approximation, as proposed by Perdew et al.28. We 
employed Blöchl’s projector-augmented wave (PAW) method as implemented by Kresse 
and Joubert29. The details of the first-principles calculations conducted in ATAT are as 
follows. The plane wave energy cutoff was chosen to be 400 eV to ensure lattice relaxation. 
The k-point meshes were created with k-points per reciprocal atom of 1000. The first-
order Methfessel–Paxton method was used for the Fermi surface with a sigma value as 
small as 0.2 eV. The convergence criterion was set to a 10-4 eV change in the energy 
during the geometry optimization iterations. The cell volume, shape, and atomic 
positions were allowed to relax until the stress was minimized and the forces on any 
atom were less than 0.02 eV/Å. For the total energy calculation of fully substituted 
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a
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structures, the k-point meshes were created with 0.15 /Å. Therefore, the size of the k 
mesh depends on the crystal structure. For example, we used 7 ´ 7 ´ 7 meshes for the 
calculations of 1 ´ 1 ´ 1 cubic perovskite unit cell. Formation energies are evaluated 
using fully relax structures in terms of the cell volume, shape, and atomic positions. 

Bader charge analysis was performed to estimate the charge state of individual atoms 
in the perovskite structure30. From the charge density distribution obtained from the 
first-principles calculations, the charge belonging to each atom was estimated. The total 
charge density was separated at the minimum points from the maximum at the center 
of the atom. Because the position of maximum charge density is slightly offset from the 
atomic center when using the pseudopotential method employed in VASP, a correction 
for the deviation was carried out. For the analysis, codes developed by the Henkelman 
group were used. 
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Results and discussion 
Before discussing the partially substituted system, we discuss the results for the fully 

substituted system to understand the basic stabilization mechanism of the iodide 
perovskite structure. The formation energies for the fully substituted ABX3-type 
perovskites, where A = MA, FA, and Cs and B = Sn, Ge, In, Ga, Bi, and Sr, were evaluated. 
First total energies of ABX3 were calculated for the fully relaxed structures from the 
cubic, tetragonal, and orthorhombic initial crystal structures (For A = FA, only cubic 
initial structure was examined for the simplicity). These calculated results are 
summarized in Supporting Information, Table S1. Among of them, the lowest energies, 
which is denoted by shading in the table were used as the total energy of each ABI3 

E(ABI3). The formation energies DE were evaluated in two different ways. One is the 
estimation using pure substances (bulk stable structure) as a reference state, as defined 
by Eq. (2). 
 

DE1 = E(ABI3) – E(A) – E(B) – 3 × E(I)   （2） 
 
The first term on the right-hand side is the total energy of ABI3, the second term is the 
total energy of A that consists of an A atom, the third term is the total energy of a phase 
that consists of a B atom, and the fourth term is the total energy of I for the orthorhombic 
phase (space group Cmca) that consists of three atoms. When the organic molecules MA 
and FA were used, E(A) was calculated from the formation energies of the diamond 
allotrope of carbon and molecular hydrogen and oxygen.  

As an another way, the formation energies of ABX3 perovskites were evaluated by 
using the stable iodide compounds as reference states. This estimation is important 
because it yields information on possible decomposition reactions of the ABX3 
perovskites. The formation energies, DE, are defined by Eq. (3). 

DE2 = E(ABI3) – E(AI) – E(BI2)   （3） 
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Figure 2(a) shows the calculated formation energies, which were estimated with the 
pure elements with bulk stable structure as reference states. For all compounds, the 
formation energies are negative, indicating stable or metastable structures. In 
particular, CsSrI3 shows the very high stability typical of the perovskite structure. 
For perovskites containing the same family of elements in the periodic table, the 
formation energy became large and negative with increasing atomic number. On the 
other hand, stable structures were obtained for A = Cs, FA, and MA in descending 
order. As shown in Figure 1, there are several possible reasons for the origin of A ion 
dependence, such as size, shape and their polarity. The inorganic ions are almost 
spherical in shape; in contrast, FA has planar structure with an inversion center, 
whereas MA has a non-planar structure without an inversion center, which brings 
about polarity. The dependence of the structural stability on the identity of the A-
site ions should be understand to consider their difference and revealed in the future 
work. Experimental studies have revealed that MA stabilizes the perovskite 
structure to a greater degree than FA when B = Pb31. On the other hand, other results 
have suggested that compounds with A = FA are more stable than those with MA in the 
presence of the heat and moisture in the air32. Furthermore, the compound with A = Cs 
is more thermally stable rather than that with A = MA33. These experimental results are 
consistent with our calculated results. 
Figure 2(b) shows the calculated formation energies, which were estimated using the 

stable iodide compound as a reference state. Chemical reactions proceed from high 

Figure 2. Formation energy for ABI3. (a) The reference 
states are the pure elements with bulk stable structure. 
(b) The reference states are the stable compounds used 
for synthesis. 
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energy to low energy states because of the driving force estimated from the energy 
difference between the free energies of products and reactants. Therefore, this 
estimation is important because it tells us the possibility of decomposition reactions of 
ABX3. In the all case, the formation energies were negative, suggesting that the crystal 
structures are stable. Among of them, stability of the iodide perovskite compounds with 
Pb, Sr and Ge are relatively low. This result is due to the high stability of the starting 
material, PbI2, SnI2, and GeI2. Thus, these systems may undergo decomposition from 
APbI3 to AI and BI2 in the external condition, such as heat, atmosphere, and defects.  
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The main contribution to the negative formation energy in the perovskite compounds 
is the ionic bonding. Thus, the charge at the A, B, and X sites was evaluated by Bader 
charge analysis, and the correlation between the formation energy and electric charge at 
each site was analyzed. Figure 3(a)–(c) show the correlation between the charge at each 
site and the formation energy.  

As shown in the figure, there is a strong correlation between the electric charge and 
the formation energy for all sites. With increasing charge, the formation energy 

Figure 3. The correlation between the 
formation energies of the perovskite 
compounds and the electric charge at (a) A, 
(b) B, and (c) X sites.  
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decreases, suggesting that the ionic bonding stabilizes the perovskite structure. This 
correlation, however, is relatively weak for the A site, as shown in Figure 3(a). The 
charge at the A-site varies from about 0.75 to 0.9, and the highest charge value is 
observed for Cs at 0.8 to 0.9, although it is about 0.75 for MA and FA. This result shows 
that strong ionic bonding is expected for the compounds containing Cs. On the other 
hand, the formation energies show a strong electric charge dependence for the B and X 
sites compared to the A site, as shown in Figs. 3(b) and (c). For both B and X sites, 
three lines are seen, corresponding to the results for Cs, MA, and FA, and each line has 
a different slope. At the B site, the electric charge strongly depends on the B-site 
elements. At the X site, the charge on iodide also depends on the B-site elements. These 
results strongly suggest the importance of ionic bonding for the stabilization of the 
iodide perovskites.  

 

 
Although a relatively weak correlation between the formation energies and the 

electric charge is observed at the A site, the A-site ion does contribute to the 
structural stability; for example, compounds containing Cs are more stable than 
those containing MA and FA. These differences were examined by visualizing the 
charge densities of MAPbI3, FAPbI3, and CsPbI3, as shown in Figure 4(a)–(c), 
respectively. In this figure, a yellow surface indicates an equivalent charge surface 
of 0.005 e/Å 3, and blue colored regions indicate a charge density greater than 0.005 
e/Å3. As shown in the figures, there is a finite electron distribution associated with 
covalent bonding between the B site and I site for the three structures. On the other 
hand, the electron distribution between the A and I sites varies with the identity of 
the ion at the A site. For MA and FA, there is a distribution of electrons between A 
and I sites, connecting the two sites by electron transfer. This electronic connection 
results in a high charge density in between MA-I and FA-I, suggesting covalent 
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Figure 4. Visualization of the charge density calculated by first-principles 
calculations for (a) MAPbI3, (b) FAPbI3, and (c) CsPbI3. 
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bonding. On the other hand, in CsPbI3, the charge density between Cs and I is low, 
and Cs does not share electrons with other sites. This indicates strong ionic bonding 
between Cs-I. The charge densities at the middle points between A and I were 
quantitatively estimated to be 0.02 e/Å3 for MAPbI3 and FAPbI3 and ~0.003 e/Å3 for 
CsPbI3. The charge distribution between A and I for the organic molecules are five 
times greater than that of the inorganic Cs+ ion. This difference is also observed in 
the systems with B = In, Sn, and Bi. We conclude that the MA-I and FA-I covalent 
bonding and the Cs–I ionic bonding is, in general, independent of the identity of the 
B-site cation in the iodide perovskites. 
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In terms of the ionic bonding, the structure is stabilized when A is a monovalent 
cation, B is a divalent cation, and X is a monovalent anion. We examined the 
possibility of the partial substitution of Pb by other divalent cations. First, the 
formation energies of symmetry-nonequivalent structures in APb1-xSnxI3 were 
calculated based on CEM for up to 84, 84, and 40 atoms per supercell for A = MA, 
FA, and Cs, respectively. Figure 5(a) shows the result of CEM, where red, orange, 
and blue marks correspond to the results with A = MA, FA, and Cs, respectively. To 

Figure 5. (a) The results of the ground 
state search performed using the CEM 
in APb1-xSnI3. (b) XRD patterns of CsPb1-

xSnxI3 in 28° < 2q < 31°. 
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estimate the energy variation arising from the ion mixing at the B site, the formation 
energies of each ordered structures were evaluated with APbI3 and ASnI3 as reference 
states. As shown in Figure 5(a), all the structures with A = MA and FA have 
positive formation energies, and several structures containing FA have lower 
energies than those with MA. This result indicates the instabilities of the mixed 
states in the MA and FA systems. Because the structures with ordered Pb and Sn 
arrangement are higher than the averaged value of APbI3 and ASnI3. This result 
can be considered as a consequence of the relative weak attractive interaction 
between Pb and Sn at the B sites, because Pb and Sn goes to be separated. On the 
other hand, many structures with negative formation energies were confirmed for A 
= Cs, and this arises from the relative strong attractive interaction between Pb and 
Sn at the B sites. This B-site interaction results in the stabilization of the 
perovskite structure. Here, we focus on the results for the A = Cs structure in more 
detail. The formation energies for x = 0.5 are located above the curved dashed line, 
which indicates the ground state. This means that the system with x » 0.5 is 
unstable with respect to phase separation. From the calculated result, the system 
seems to be stabilized against phase separation between x » 0.125 and 0.875, even 
at T = 0. The obtained stable structures at x = 0.125 and 0.875 are given in 
Supporting Information, Table S2 and Figure S3. 

This predicted phase separation tendency in CsPb1-xSnxI3 was confirmed by 
experiment. Figure 5(b) shows the intensity of the (200) diffraction peak of CsPb1-xSnxI3 
as determined by X-ray diffraction measurements. As x increases, the (200) peak shifts 
to higher angle, indicating that Pb in CsPbI3 is replaced by Sn, forming a solid solution. 
Concerning the (200) peak, a double peak structure was observed for x = 0.1 and 0.3–0.7. 
This peak structure can be explained by the coexistence of two perovskite phases with 
different lattice parameters. In this concentration region, two types of CsPb1-xSnxI3, 
where one is Pb-rich and another is Sn-rich, exist in our sample. The experimental 
results are consistent with our theoretical predictions, which show the trend in the phase 
separation behavior. Here, we would like to point out the possibility if the phase 
separation occurs in nano-scale, a conversion efficiency becomes high, as discussed in ref. 
34. Such nano-scale phase separation can be formed due to the spinodal decomposition, 
which is spontaneous phase separation without an interface between two phases. As 
revealed in the following section, the phase separation tendency on the B site is observed 
in many systems. This property can be potentially important factor for high conversion 
efficiency. 
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Figure 6(a) and (b) shows the results from the CEM calculations for the AGe1-xSnxI3 

and APb1-xGexI3, which are the systems containing mixed divalent cations. The 
formation energies of symmetry-nonequivalent structures were calculated for 84, 96, 
and 65 atoms per supercell for AGe1-xSnxI3 (A = MA, FA, and Cs) and 96, 84, and 45 
atoms per supercell for APb1-xGexI3 (A = MA, FA, and Cs). APbI3, ASnI3, and AGeI3 
were used as the reference states for the estimation of the formation energies. For AGe1-

xSnxI3, the characteristics are very similar to those of APb1-xSnxI3, such as the 
formation of a stable solid solution with A = Cs and an unstable solid solution with 
A = MA and FA, as shown in Figure 6(a). For APb1-xGexI3, compounds containing Cs+ 
and FA have slightly negative formation energies, suggesting that the solid solution 
is stable in this system. However, in the latter system, the energy gain seems to be 
very small relative to the system containing Cs+. From these calculated results, 

Figure 6. The results of the ground state 

search performed using the CEM in (a) 

AGe1-xSnxI3 and (b) APb1-xGexI3.  

 



 16 

mixed divalent cations at the B site stabilize the perovskite structure for A = Cs+ but 
destabilize it for A= MA and FA. The former result is caused by attractive 
interactions between the B-site ions, and the latter results are due to the relative 
weak attractive interaction between the B-site ions. The A-site dependence of the 
stability of perovskite structures has never been reported and is a fascinating 
property in organic–inorganic hybrid perovskites.  

 
On the other hand, the observed A-site dependence is not common in the iodide 

perovskite compounds. This behavior is completely reversed in several systems, for 
example, B = (In, Sn) and (Bi, Sn). Figures 7(a) and (b) show the results of the ground 
state search for the AIn1-xSnxI3 and ABi1-xSnxI3 systems, respectively. The formation 
energies of symmetry-nonequivalent structures were calculated for up to 96, 84, and 45 
atoms per supercell for AIn1-xSnxI3 (A = MA, FA, and Cs+) and 72, 72, and 60 atoms per 
supercell for ABi1-xSnxI3 (A = MA, FA, and Cs+). AInI3, ASnI3, and ABiI3 were used as the 
reference states for the estimation of the formation energies. In both systems, stable 

Figure 7. Results of ground state search 
performed using the CEM on (a) AIn1-xSnxI3 
and (b) ABi1-xSnxI3. 
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structures were obtained in the cases of A = MA and FA. For the A = Cs+ system, all the 
structures show positive formation energies, and we could not find stable structures, 
which have negative formation energies. This behavior is completely different from the 
results for APb1-xSnxI3, AGe1-xSnxI3, and APb1-xGexI3. Similar behavior was also 
observed in the A(Bi,Ge)I3 system (not shown). 

 
Concerning the origin of the stabilization of the perovskite structure in partially 

substituted systems, the difference in the energies of the pure perovskites and the 
partially substituted perovskites was considered. The energy difference between the 
pure perovskite and partially substituted system may originate from the lattice 
distortion and the charge disproportionation in the substituted system. The former 
contribution is always positive, which causes the system to become unstable. 
Therefore, the latter mechanism may result in the stabilization of the structure. 
Here, we consider the Coulomb energy gain, which is discussed in Ref. 20, at the X 
site, which arises because of the ionic bonding between the B-site cation and I, as 
shown in Figure 8. In the case of only one type B-site cation, the Coulomb energy, E1, 
in the B1-I-B2 bonding configuration is given by Eq. (4). 
 

E1coul =	"	𝟐𝒓     (4) 
 
Here, r is the distance between B and I. In the case of two types of B-site cation, the 
Coulomb energy, E2, is given by Eq. (5).  

E2coul="𝜹𝟐&'𝟐𝒓      (5) 
Here, d is the difference between the charges at the B sites. The energy difference of 
the substituted system from the pure system is given by Eq. (6). 

Pb2+ Pb2+I-r r

r rPb+(2-δ) Sn+(2+δ)I-

r rIB1 B2

Figure 8. Model system (B1—I—B2 trimer) to 
show how charge transfer results in Coulomb 
energy gain by mixing B elements. 
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ΔEcoul = E2coul – E1coul = "𝜹𝟐()   (6) 
Therefore, the Coulomb energy gain in the B-site substituted system is dependent 
on the difference in the charges, d, at different B sites.  

 
Based on the above considerations, the Coulomb energy gain was examined in terms 

of the difference in the charge, d, at the B sites. As the difference in the electric charge, 
d, increases, the Coulomb energy gain also increases. Figure 9 shows the B-site-ion 
dependence of d for A = MA, FA, and Cs. For MA and FA, the d values are smaller than 
those of the Cs compounds. Due to the small d, the Coulomb energy gain is expected to 
be low for MA and FA. Therefore, the partially substituted structures are unstable. From 
these results, the partially substituted systems containing A = Cs are expected to be 
stabilized by the Coulomb energy gain. Therefore, new stable structures will be 
discovered in the partially substituted perovskite compounds with A = Cs or another 
inorganic element. Although the stable structures obtained in our study are possible 
candidates for solar cells, more studies are required to evaluate their suitability, such as 
the measurement of band gap, carrier mobility, and defect density in the future work.  

On the other hand, the Coulomb energy gain mechanism for the stabilization of the 
partially substituted perovskite compounds cannot explain the results for the AIn1-

xSnxI3 and ABi1-xSnxI3 systems. This drastic change in the stability of the perovskite 
compounds with the changing A-site is a surprising and interesting property, but the 
microscopic mechanism for this phenomenon is not clear at present. We speculate that 
an important factor for this behavior is the stable oxidation state of the B-site ions. In 
this study, Pb, Sn, Ge, In, and Bi were considered as B-site ions. Among of them, stable 
oxidation state of Pb, Sn, and Ge is +2 or +4, and In and Bi have other stable oxidation 
states, such as +3 or +5. In the former systems, the solid solutions are stabilized when A 

Figure 9. The difference in the charges (d) at 
different B sites. 
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= Cs+, and, in the latter systems, the solid solutions are stabilized when A = MA and FA. 
From the simple consideration in terms of the ionic bonding, iodide perovskite 
compounds are stabilized by divalent B-site ions. Therefore, divalent cations Pb2+, Sn2+, 
and Ge2+ are plausible oxidation state in the perovskite compounds under a neutrality 
condition. On the other hand, the introduction of cations in different oxidation states, 
such as In and Bi, into the system will have a significant influence on the lattice 
distortion and the electronic state. To maintain charge neutrality in the unit cell, 
additional electrons introduced through In or Bi substitution are considered to extend in 
the unit cell. This may cause distortion and give a metallic (physical) property to the 
system. However, it is nontrivial to identify the electronic state of the B-site ions, except 
for divalent cations, in the perovskite compounds. Supposedly, it is not a typical ionic 
crystal but has a metallic-like bond with covalent bonding between neighboring ions. 
This issue must be determined in future work. 
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Conclusion 
For the development of lead-free or lower-lead-content perovskite solar cells, the 

stabilities of iodide perovskite compounds where Pb is fully or partially substituted by 
other cations were investigated.  
For the fully substituted system, ionic bonding was crucial for the stability of the 

perovskite structure. The ionic bonding between A and I is weakened when an organic 
molecule, such as MA or FA, is placed at the A site.  
For the partially substituted systems, we employed the cluster expansion method for 

the ground state search in the solid solution A(B,B')I3. For the A site, two kinds of organic 
molecules, MA and FA, and one inorganic ion, Cs, were considered, and we found that 
the stability of the partially substituted system A(B,B')I3 strongly depends on the 
identity of the ion at the A-site. The result of the ground state search can be summarized 
as follows.  
 
1. For the combinations of A = Cs+ with Pb, Sn, and Ge, the formation energies are 

negative. An attractive interaction acts between the B-site ions, stabilizing the 
perovskite structure. On the other hand, the formation energies are positive for 
A = MA and FA, where there are relative weak attractive interaction between the 
B-site ions, destabilizing the perovskite structure.  

2. For the systems with B = (In,Sn) and (Bi,Sn), the formation energies are negative 
for A = MA and FA, where there are attractive interactions between the B-site 
ions, stabilizing the perovskite structure. This behavior is the opposite of that of 
point 1.  

 
In summary, Cs(B,B')I3 structures are stabilized by a mixture of divalent cations, such 

as Pb, Sn, and Ge. On the other hand, MA(B,B')I3, and MA(B,B')I3 are stabilized by the 
combination of divalent and trivalent cations, such as the In-Sn and In-Bi systems.  
The microscopic mechanism of the role of A-site ions on the structural stability has been 

studied in terms of the electronic state and bonding between each site. Because of the 
ionic bonding, the very different charges between the B and B' sites in the A(B,B')I3 solid 
solution stabilize the perovskite structure by Coulomb interactions. The Coulomb energy 
gain seems to be a plausible mechanism for the stabilization of Cs(B,B')I3 for B = Pb, Sn, 
and Ge. Thus, the Coulomb energy gain is expected to be a guiding principle in the search 
for new partially substituted perovskite compounds.  
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