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Abstract
We search for homovalent alternatives for A, B, andX-ions inABX3 type inorganic halide perovskites
suitable for tandem solar cell applications.We replace the conventional A-site organic cation
CH3NH3, by 3 inorganic cations, Cs, K, andRb, and the B site consists ofmetals; Cd,Hg, Ge, Pb, and
SnThis work is built on our previous high throughput screening of hybrid perovskitematerials
(Kar et al 2018 J. Chem. Phys. 149, 214701). By performing a systematic screening study usingDensity
Functional Theory (DFT)methods, we found 11 suitable candidates; 2 Cs-based, 3K-based and
6Rb-based that are suitable for tandem solar cell applications.

1. Introduction

Halide perovskites in general andhybridhalide perovskites inparticular havegained importance in the
photovoltaicsmarket formany years, especially because of the rapid power conversion efficiency achievedby these
perovskite solar cells over a very short spanof research time. Lowprocessing cost and abundant available raw
materials allows easy fabricationof thesematerials, thusmaking themapotentially competitive alternative to the
massively used silicon solar cells in termsof commercialization [1–3]. Conventionally, themost importantmember
of thehalide perovskites family is themethylammonium lead iodide,CH3NH3PbI3, whichwas discoveredbyDieter
Weber in 1978 [4] andwasfirst used for photovoltaic applicationbyKojima et al in 2009 [5]. The highest power
conversion efficiency recorded so far by a single junction solar cell devicemade ofCH3NH3PbI3 is 22.1% in 2015by
Park et al [6]. In 1980, following the detailed balance limit principle of singlep-n junction solar cell devices [7], Alexis
DeVos cameupwith the idea of the fundamental detailed balance limit for a tandemsolar cell [8]. According to this
paper, promising efficiencies canbe achieved if two single junction solar cell deviceswith specifically tailored band
gaps are combined to forma two-junction tandemsolar cell. For instance, efficiency of 42.3%canbe achieved, in
theory, by two single junction solar cell devices of band gaps 1.0 eVand1.9 eV respectively.

So far, themaximumefficiency achieved by inorganic tandem solar cells has been recorded to be about 32.8%
for unconcentratedGaInP/GaAsmonolithic 2-junction, 2-terminal device, and35.5% for 2-junction, 2-terminal
tandemGaInAsP/GaInAs concentrator cell [9, 10]. Themaximumefficiency of perovskite/Simonolithic tandem
solar cell is 23.6%as recorded so far [10]. This far, to thebest of our knowledge, there has beenno experimental
literature that explored the prospects of tandemsolar cell efficiencies based onhybrid halide perovskites. There are,
however, a number of theoretical publications available, that concentrated inhigh- throughput screening of
perovskitematerials, in termsof their energy bandgapsusing density functional theory calculations [11–22]. In
2018,weperformed a high-throughput study onhybridperovskitematerials basedonDFTcalculations that aimed
infinding novel perovskitematerials for hybridperovskite-only tandem solar cells [23].We cameupwith 8 hybrid
perovskites, 5 ofwhich are in the lower band gap range and 3 in the higher bandgap range.

One of themajor challenges faced by these perovskitematerials is the stability issue.Hybrid perovskites have
low thermal decomposition temperature which ismainly due to the presence of the unstable organic
monovalent cations [24–28]. This instability poses amajor challenge towards understanding the fundamental
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mechanismof how these perovskites work.More importantly,many abnormal phenomena have been found
while exploring these perovskitematerials. Inorganicmaterials are known to have higher stability than the
organicmaterials, especially at higher temperatures [29–31]. This aspect has been exploited quite well
experimentally, inwhich the organic cation has been replaced by the inorganic Cs+ cation that resulted in a rapid
decrease in instability problems, thereby promising a relatively higher intrinsic or thermodynamic stability
against decomposition to binary halide products [32–44]. However, theoretical investigation towards this
pressing issue is still limited [11–19].

In this paper, we aim at replacing the organic cation in the hybrid perovskites by inorganic cations bearing
similar oxidation state as CH3NH3. The organic cations that are selected to be potential replacement of CH3NH3

must also have a comparable ionic radius.However, the calculation of the ionic radius of CH3NH3 proves to be
challenging. Two groups haveworked towards this problemusing differentmethods [45, 46]. In 2014, Amat et al
calculated the radius of themethylammonium cation by calculating the volume inside a contour of 0.001
electrons/Bohr3 density, and came outwith a value of 2.70 Å [47]. Kieslich et al [48] considered a hard sphere
model inwhich the cation rotates freely about it’s center ofmass. Thismethod yielded a value of 2.17 Å. It is well
established by now, that the empirical stability of the hybrid perovskites are calculate using theGoldschmidt
tolerance factor, a value that is dependent on the atomic radii of the A-site cation, themetal, and the halogen. It is
alsowell known that two classic perovskites CH3NH3PbBr3 andCH3NH3PbCl3 adopt the ideal cubic perovskite
structure, i.e. the tolerance factormust lie between 0.9 and 1.0. Considering that the ionic radii of Pb, Br, andCl
are 1.19 Å, 1.96 Å, and 1.81Å, respectively, the radius ofmethylammonium cation should lie between 2.04Å and
2.50Å. Therefore, 2.17 Å is considered to be themore agreeable value for themethylammonium cation [47, 48].

In this study, we replace themethylammonium cationwith 3 inorganic cations: Rb+, Cs+, andK+. The
respective ionic radii are provided in table 1. A previous study performed by us on hybrid perovskites [23],
showed that among 10metals used in combinationwithmethylammonium and the 3 halogens, only 5metals,
(Cd,Hg, Pb, Sn, andGe) resulted in perovskites that gave band gaps in the range desired for application in
tandem solar cells. Therefore, in this study, we consider only these 5metals for simulation of the perovskites.
Themetals, inorganic cations, and the halogens considered in this study are highlighted infigure 1. Fromour
study, we found 11 perovskitematerials that proved to be suitable for application in tandem solar cells.

2. Computational details

The calculations on the inorganic perovskites are done usingDensity Functional Theory (DFT)method using
the Fritz-Haber InstituteAb-initioMolecular Simulations (FHI-AIMs) software package, developed by the Fritz-
Haber Institute, Berlin [42].We startedwith 45 perovskitematerials, combining 3 inorganic cations, 5metals,
and 3 halogens, as shown infigure 1. The geometry of the perovskites are optimised in all the 3 phases (cubic,
orthorhombic, and tetragonal) using the PBE exchange-correlation functional [43] in order to get the structures
with the lowest potential energy. The initial lattice parameters of the perovskites are given in supplementary
information is available online at stacks.iop.org/MRX/7/055502/mmedia. The band gaps of the optimised
perovskites are calculated, first using the PBE functional. This functional is less expensive in terms of
computational time but is also less accurate for calculating the band gaps of solids. Thus, this functional is used
as a pre-screening criterion tofind perovskitematerials whose band gaps lie in the range of 0.5 eV and 2.5 eV.
The band gaps of the perovskites that passed the pre-screening are further calculated, this time using themore
accurate but also computationallymore expensiveHSE functional [49]. All the calculations are done using the

Table 1.The ionic radii of the
inorganic cations and the halogen
ions used for theGTF calculation.

Element Atomic radius (pm)

Rb+ 152

K+ 138

Cs+ 167

Cd2+ 95

Ge2+ 73

Pb2+ 119

Hg2+ 102

Sn2+ 118

Cl- 184

Br- 196

I- 220
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spin–orbit coupling corrections because of the heavy elements present in the system [50]. A k-point grid of
3×3×3 is used for the geometry optimisation and 6×6×6 grid is used for band gap calculation. All
parameters have been tested for convergence.

3. Results and discussions

3.1. Structural and phase stability
The structural and thermodynamic stability of the perovskites is an important aspect to look at, in order to use
them for suitable practical applications. Inorganic halide perovskites, in general, aremore stable than their
hybrid counterparts, the instability of which are owed to theweakly bonded soft organic cation [32–44].
However, the degree of stability varies with the variation of the 3 inorganic cations using in this study.

From the experimental point of view, asmentioned in literature [51, 52], Cs-based halide perovskites are
expected to exist in 4 phases: the cubic (∝), the tetragonal (β), and 2 orthorhombic phases (black γ and a non-
perovskite yellow δ phase). The cubic (∝) phase is stable at high temperature (>578K). Upon being cooled down
to room temperature, thematerials undergo a phase transition to theβ and γ phases. These phases, however are
thermodynamically not very stable. At room temperature, thematerials tend to form the non-perovskite δ
phase. The detailed stability of the K- and the Rb- based halide perovskites have not yet been reported.

The structural stability of the inorganic halide perovskites for different phases are determined by calculating
theirDFT total energies. It is important to note that theDFT total energies are enough to determine the 0 K
phase stabilities, which could potentially be different from their room temperature phase stabilities [53, 54]. The
0 K phase stabilities of the inorganic perovskites relative to the cubic phase are shown infigures 2(a)–(c)
respectively, for the Rb-, K-, andCs- based perovskites.

The 0 K total energy calculations of theperovskites donot showany clear trend for thedifferent inorganic
cations or for the different halogens. In order to get amore distinct idea about these phase stabilities, wedetermine
theGoldschmidt tolerance factor (GTF) for these perovskites. This is an empirical factor that is used to analyse the
phase stability of theperovskites from the radii of the constituent cations and anions. The ionic radii used for the
tolerance factor calculation are listed in table 1. TheGoldschmidt tolerance factor is calculated as follows [55, 56]:

= +  +t r r 2 r r 1A X B X( ) ( ) ( )/

Here, rA, rB, and rX are the radii of the inorganic cation, themetal cation and the halogen ion respectively. A value
of theGTFbetween 0.9–1.0 depicts a pure cubic perovskite. Values less than 0.9 or greater than 1.0 depict less
symmetric orthorhombic/rhombohedral or tetragonal/hexagonal phases respectively.

The stable phases as obtained from theDFT total energy calculation and theGoldschmidt tolerance factor
estimation is shown in table 2. As is seen from table 2, the 0 K phase stability and the empirically predicted room
temperature phases of the perovskites are different inmost of the cases. This is expected, as the perovskites
essentially undergo a phase transitionwith the change in the temperature. ForCsMI3, (M=Pb, Sn) both the
0 K and room temperature stable phases are seen to be orthorhombic. This is at par withwhat is reported in
literature, as already discussed previously. For the remaining perovskites, experimental reports regarding the
phases are not available yet.

Figure 1.The inorganic cations, themetals, and the halogens used in the study are highlighted in blue, green, and orange, respectively.
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3.2. Band structure andband gap
Given that themain aimofour study is tofind suitable candidates for tandem solar cells, one of the important
characteristic features to look at is the energy band gap of these perovskitematerials. The range of band gaps for the
most potential candidates is 1.0 eV and 1.9 eV, as alreadymentioned in thedetailed balance limit for tandemcells

Figure 2. (a): The depiction of phase stability of Cs-based halide perovskites as obtained fromDFT total energies. Color coding as
shown in legend. (b): The depiction of phase stability of Rb-based halide perovskites as obtained fromDFT total energies. Color
coding as shown in legend. (c): The depiction of phase stability of K-based halide perovskites as obtained fromDFT total energies.
Color coding as shown in legend.
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byDeVos in 1980 [8]. In this study, the band gaps of the perovskites in all the 3 phases (orthorhombic, tetragonal,
and cubic) are calculated usingDFT semi-local PBE and the hybridHSE functionals.However, as known, the
computational calculations comewith certain inaccuracies, in order to be safe,we keep amarginof 0.5 eVonboth
thehigh and the low ends, i.e.we consider all those perovskites that have a band gap between 0.5 eVand2.5 eV.The
band gaps of thematerials are initially calculated using thePBE functional. This functional is computationally less

Table 2.The stable phases of the inorganic perovskites based on theDFT
total energies (0 K) and empirical GTF calculation (room temperature).

Perovskite GTF

R.T. Stable

phase (GTF)
0 K Stable

phase (DFT)

CsCdBr3 0.88 Orthorhombic Tetragonal

CsCdCl3 0.89 Orthorhombic Cubic

CsCdI3 0.87 Orthorhombic Cubic

CsGeBr3 0.95 Cubic Cubic

CsGeCl3 0.96 Cubic Cubic

CsGeI3 0.93 Cubic Cubic/

Orthorhombic

CsPbBr3 0.81 Orthorhombic Cubic/

Orthorhombic

CsPbCl3 0.82 Orthorhombic Cubic/

Orthorhombic

CsPbI3 0.80 Orthorhombic Cubic/

Orthorhombic

CsHgBr3 0.86 Orthorhombic Orthorhombic

CsHgCl3 0.87 Orthorhombic Orthorhombic

CsHgI3 0.85 Orthorhombic Orthorhombic

CsSnBr3 0.82 Orthorhombic Cubic

CsSnCl3 0.82 Orthorhombic Cubic

CsSnI3 0.80 Orthorhombic Cubic/

Orthorhombic

RbCdBr3 0.84 Orthorhombic Tetragonal

RbCdCl3 0.85 Orthorhombic Tetragonal

RbCdI3 0.83 Orthorhombic Cubic

RbGeBr3 0.91 Cubic Cubic

RbGeCl3 0.92 Cubic Cubic

RbGeI3 0.90 Cubic Cubic

RbPbBr3 0.78 Orthorhombic Orthorhombic/

Cubic

RbPbCl3 0.78 Orthorhombic Orthorhombic/

Cubic

RbPbI3 0.77 Orthorhombic Cubic

RbHgBr3 0.82 Orthorhombic Orthorhombic

RbHgCl3 0.83 Orthorhombic Orthorhombic

RbHgI3 0.81 Orthorhombic Cubic

RbSnBr3 0.78 Orthorhombic Cubic

RbSnCl3 0.79 Orthorhombic Cubic

RbSnI3 0.78 Orthorhombic Orthorhombic/

Cubic

KCdBr3 0.81 Orthorhombic Tetragonal

KCdCl3 0.81 Orthorhombic Tetragonal

KCdI3 0.80 Orthorhombic Orthorhombic

KGeBr3 0.88 Orthorhombic Cubic

KGeCl3 0.89 Orthorhombic Cubic

KGeI3 0.86 Orthorhombic Cubic

KPbBr3 0.75 Orthorhombic Cubic

KPbCl3 0.75 Orthorhombic Cubic

KPbI3 0.75 Orthorhombic Cubic

KHgBr3 0.79 Orthorhombic Orthorhombic

KHgCl3 0.79 Orthorhombic Orthorhombic

KHgI3 0.78 Orthorhombic Orthorhombic

KSnBr3 0.75 Orthorhombic Cubic

KSnCl3 0.75 Orthorhombic Cubic

KSnI3 0.75 Orthorhombic Cubic
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expensive, but also less accurate in terms of calculating bandgaps of complex periodicmaterials. Because of this
fact, thePBE functional is used as a pre-screening criterion inorder tofindmaterialswhose band gaps are in the
required range. For thematerials that pass thepre-screening criterion, theband gaps are again calculated, this time
using themore accurate, but also themore computationally expensive hybrid functional,HSE. This functional is
thus used for screening thematerials to get band gaps in the desired range. It is important tonote here that the band
gap calculations are done using the spin–orbit coupling, because of the presence of heavy elements in the system.
The application of spin–orbit coupling reduces the band gap by a certain amount.Although the precise amount of
reduction cannot be estimated, it is found that the band gap is reduced the least forCl-basedperovskites, and the
mostwith I-based perovskites. Basedon this observation and from literaturefindings, it can be inferred that as the
halide size increases, the valence bandmaximumof theperovskite is shiftedupwards by the applicationof spin–
orbit coupling.The change in theDFTband gapsof thedifferent perovskiteswith the 2 different functionals and
with andwithout the application of spin–orbit coupling is shown infigure 3.

The perovskitematerials that pass theHSE screening based on their estimated band gaps are listed in the
supplementary information. Keeping inmind that the experimental synthesis of thesematerials are done at
room temperature, it is important to correlate the room temperature stable phase with the suitable band gaps.
Therefore, we list all thosematerials that give desiredHSE band gaps in the room temperature stable phase in
table 3. Finally, it is important to note that for application in photovoltaics, the predicted energy gapsmust be

Figure 3.Pictorial depiction of change in theDFTband gapswith the 2 different functionals (PBE andHSE)without andwith spin-
orbit coupling.

Table 3.The energy band gaps of the room temperature
stable phases of the perovskites as predicted byDFT
using theHSE functional.

Material Phase HSE band gap (eV)

RbCdI3 Orthorhombic 1.91

RbGeBr3 Cubic 1.89

RbHgCl3 Orthorhombic 1.94

RbHgI3 Orthorhombic 2.07

RbSnI3 Orthorhombic 0.98

KGeCl3 Orthorhombic 2.24

KPbBr3 Orthorhombic 2.30

KHgBr3 Orthorhombic 1.90

KHgCl3 Orthorhombic 2.27

KHgI3 Orthorhombic 1.58

KSnBr3 Orthorhombic 1.49

KSnCl3 Orthorhombic 2.47

KSnI3 Orthorhombic 1.14

CsCdI3 Orthorhombic 1.93

CsHgBr3 Orthorhombic 2.33

CsSnI3 Orthorhombic 0.94
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Figure 4.Pictorial depiction of change in theDFTband gapswith the 2 different functionals (PBE andHSE)without andwith spin-
orbit coupling.
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Figure 4. (Continued.)
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direct in nature. The nature of the band gaps are understood by plotting the band structures of thematerials. The
band structures of all the perovskites listed in table 3 are plotted infigure 4. It is observed thatHg on the B-site
results in an indirect band gap.

However, an exception exists in case of RbHgI3, inwhich case, there is a direct band gap at the ðšª-point.
From thefinal step of screening, we obtained 11 perovskitematerials; 2 Cs-based, 3 Rb-based, and 6K-based.

The available experimental band gaps of the perovskites are given in table 4 [35–39]. Upon comparingwith
the predictedDFTdata, it is seen that the band gaps are quite different. This is due to a number of reasons.
Firstly, formost of the cases, the experimental and the simulated phases are different, leading to different lattice
parameters, lattice angles and bond lengths. The second important reason is that the type of band gaps obtained
from theDFT study are different from the onesmeasured experimentally, the difference between the two being
the exciton binding energy and the derivative discontinuity, which is a property of the functional. This is called
the band gap problem inDFT and is explained in detail in reference [57].

4. Conclusions

From this study, a number of novel perovskitematerials are found those can be used for photovoltaic
applications. A few of thesematerials have already been synthesised and their experimental band gaps are given
in table 4. CsSnBr3 andCsSnI3 have PCEof 2.1% and 3.4% respectively in single junction devices [33]. CsGeI3
has a PCEof 0.11% [58]. It is concluded that Ge based perovskites have really lowPCE as compared to other
metals. However, the PCEof RbGeBr3 is not available. No experimental evidence of the synthesis of Potassium
based halide perovskites has been found. But, it can be seen from theDFT studies done here, that these
perovskites showpromising band gaps aswell to be used in photovoltaic devices.
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