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Abstract

We search for homovalent alternatives for A, B, and X-ions in ABX; 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, and Rb, and the B site consists of metals; Cd, Hg, Ge, Pb, and
Sn This work is built on our previous high throughput screening of hybrid perovskite materials

(Kar etal 2018 J. Chem. Phys. 149, 214701). By performing a systematic screening study using Density
Functional Theory (DFT) methods, we found 11 suitable candidates; 2 Cs-based, 3 K-based and

6 Rb-based that are suitable for tandem solar cell applications.

1. Introduction

Halide perovskites in general and hybrid halide perovskites in particular have gained importance in the
photovoltaics market for many years, especially because of the rapid power conversion efficiency achieved by these
perovskite solar cells over a very short span of research time. Low processing cost and abundant available raw
materials allows easy fabrication of these materials, thus making them a potentially competitive alternative to the
massively used silicon solar cells in terms of commercialization [ 1-3]. Conventionally, the most important member
of the halide perovskites family is the methylammonium lead iodide, CH;NH;PbI; which was discovered by Dieter
Weber in 1978 [4] and was first used for photovoltaic application by Kojima et al in 2009 [5]. The highest power
conversion efficiency recorded so far by a single junction solar cell device made of CH;NH;Pbl; is 22.1% in 2015 by
Park et al [6]. In 1980, following the detailed balance limit principle of single p-n junction solar cell devices [7], Alexis
De Vos came up with the idea of the fundamental detailed balance limit for a tandem solar cell [8]. According to this
paper, promising efficiencies can be achieved if two single junction solar cell devices with specifically tailored band
gaps are combined to form a two-junction tandem solar cell. For instance, efficiency of 42.3% can be achieved, in
theory, by two single junction solar cell devices of band gaps 1.0 eV and 1.9 eV respectively.

So far, the maximum efficiency achieved by inorganic tandem solar cells has been recorded to be about 32.8%
for unconcentrated GaInP/GaAs monolithic 2-junction, 2-terminal device, and 35.5% for 2-junction, 2-terminal
tandem GalnAsP/GalnAs concentrator cell [9, 10]. The maximum efficiency of perovskite/Si monolithic tandem
solar cell is 23.6% as recorded so far [10]. This far, to the best of our knowledge, there has been no experimental
literature that explored the prospects of tandem solar cell efficiencies based on hybrid halide perovskites. There are,
however, a number of theoretical publications available, that concentrated in high- throughput screening of
perovskite materials, in terms of their energy band gaps using density functional theory calculations [11-22]. In
2018, we performed a high-throughput study on hybrid perovskite materials based on DFT calculations that aimed
in finding novel perovskite materials for hybrid perovskite-only tandem solar cells [23]. We came up with 8 hybrid
perovskites, 5 of which are in the lower band gap range and 3 in the higher band gap range.

One of the major challenges faced by these perovskite materials is the stability issue. Hybrid perovskites have
low thermal decomposition temperature which is mainly due to the presence of the unstable organic
monovalent cations [24—-28]. This instability poses a major challenge towards understanding the fundamental

© 2020 The Author(s). Published by IOP Publishing Ltd
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Table 1. The ionic radii of the
inorganic cations and the halogen
ions used for the GTF calculation.

Element Atomic radius (pm)
Rb* 152
K" 138
Cs*t 167
cd*r 95
Ge*t 73
Pb*" 119
Hg** 102
Sn*t 118
Cl- 184
Br- 196
I- 220

mechanism of how these perovskites work. More importantly, many abnormal phenomena have been found
while exploring these perovskite materials. Inorganic materials are known to have higher stability than the
organic materials, especially at higher temperatures [29-31]. This aspect has been exploited quite well
experimentally, in which 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 CH;NHj3. The organic cations that are selected to be potential replacement of CH;NHj
must also have a comparable ionic radius. However, the calculation of the ionic radius of CH3;NH; proves to be
challenging. Two groups have worked towards this problem using different methods [45, 46]. In 2014, Amat et al
calculated the radius of the methylammonium cation by calculating the volume inside a contour of 0.001
electrons/Bohr’ density, and came out with a value of 2.70 A [47]. Kieslich et al [48] considered a hard sphere
model in which the cation rotates freely about it’s center of mass. This method yielded a value of 2.17 A. It is well
established by now, that the empirical stability of the hybrid perovskites are calculate using the Goldschmidt
tolerance factor, a value that is dependent on the atomic radii of the A-site cation, the metal, and the halogen. It is
also well known that two classic perovskites CH;NH;PbBr; and CH;NH;PbCl; adopt the ideal cubic perovskite
structure, i.e. the tolerance factor must lie between 0.9 and 1.0. Considering that the ionic radii of Pb, Br, and Cl
are 1.19A,1.96 A, and 1.81 A, respectively, the radius of methylammonium cation should lie between 2.04 A and
2.50 A. Therefore, 2.17 A is considered to be the more agreeable value for the methylammonium cation [47, 48].

In this study, we replace the methylammonium cation with 3 inorganic cations: Rb+, Cs+-, and K+-. The
respective ionic radii are provided in table 1. A previous study performed by us on hybrid perovskites [23],
showed that among 10 metals used in combination with methylammonium and the 3 halogens, only 5 metals,
(Cd, Hg, Pb, Sn, and Ge) 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 5 metals for simulation of the perovskites.
The metals, inorganic cations, and the halogens considered in this study are highlighted in figure 1. From our
study, we found 11 perovskite materials that proved to be suitable for application in tandem solar cells.

2. Computational details

The calculations on the inorganic perovskites are done using Density Functional Theory (DFT) method using
the Fritz-Haber Institute Ab-initio Molecular Simulations (FHI-AIMs) software package, developed by the Fritz-
Haber Institute, Berlin [42]. We started with 45 perovskite materials, combining 3 inorganic cations, 5 metals,
and 3 halogens, as shown in figure 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 to find perovskite materials 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 the more
accurate but also computationally more expensive HSE functional [49]. All the calculations are done using the
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1 Inorganic Halide Perovskites 2
H , He
ABX3
3 4 5 6 7 8 9 10
Li | Be B C N| O F | Ne
11 12 13 14 15 16 17 18
Na | Mg Al | Si P S | Cl | Ar

19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 | 382 | 33 | 34 | 35 | 36
K |Ca|Sc | Ti V]|Cr|Mn|Fe|Co| Ni |Cu|Zn |Ga|Ge | As | Se | Br | Kr

37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54
Rb|Sr| Y| 2Zr|Nb|Mo|Tc |[Ru|Rh|Pd|Ag|Cd| In | Sn|Sb|Te | I | Xe

55 | 56 |s57.7¢| 72 | 73 | 74 | 75 | 76 | 77 | 78 | 79 | 80 | 81 | 82 | 83 | 84 | 85 | 86
Cs|Ba|talu| Hf | TAa | W | Re |Os | Ir | Pt | Au|Hg | Tl | Pb | Bi | Po | At | Rn

Figure 1. The inorganic cations, the metals, and the halogens used in the study are highlighted in blue, green, and orange, respectively.

spin—orbit coupling corrections because of the heavy elements present in the system [50]. A k-point grid of
3 X 3 x 3isused for the geometry optimisationand 6 x 6 x 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, are more stable than their
hybrid counterparts, the instability of which are owed to the weakly 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, as mentioned in literature [51, 52], Cs-based halide perovskites are
expected to exist in 4 phases: the cubic (o), the tetragonal (/3), and 2 orthorhombic phases (black vand a non-
perovskite yellow 6 phase). The cubic () phase is stable at high temperature (>578 K). Upon being cooled down
to room temperature, the materials undergo a phase transition to the 5 and vy phases. These phases, however are
thermodynamically not very stable. At room temperature, the materials tend to form the non-perovskite 6
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
their DFT total energies. It is important to note that the DFT 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 in figures 2(a)—(c)
respectively, for the Rb-, K-, and Cs- based perovskites.

The 0 K total energy calculations of the perovskites do not show any clear trend for the different inorganic
cations or for the different halogens. In order to get a more distinct idea about these phase stabilities, we determine
the Goldschmidt tolerance factor (GTF) for these perovskites. This is an empirical factor that is used to analyse the
phase stability of the perovskites from the radii of the constituent cations and anions. The ionic radii used for the
tolerance factor calculation are listed in table 1. The Goldschmidt tolerance factor is calculated as follows [55, 56]:

t = (ra + 1x)/V2(1p + 1%) )

Here, ry, rp, and rx are the radii of the inorganic cation, the metal cation and the halogen ion respectively. A value
of the GTF between 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 the DFT total energy calculation and the Goldschmidt tolerance factor
estimation is shown in table 2. Asis seen from table 2, the 0 K phase stability and the empirically predicted room
temperature phases of the perovskites are different in most of the cases. This is expected, as the perovskites
essentially undergo a phase transition with the change in the temperature. For CsMI3, (M = Pb, Sn) both the
0 Kand room temperature stable phases are seen to be orthorhombic. This is at par with what is reported in
literature, as already discussed previously. For the remaining perovskites, experimental reports regarding the
phases are not available yet.
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Figure 2. (a): The depiction of phase stability of Cs-based halide perovskites as obtained from DFT total energies. Color coding as
shown in legend. (b): The depiction of phase stability of Rb-based halide perovskites as obtained from DFT total energies. Color
coding as shown in legend. (c): The depiction of phase stability of K-based halide perovskites as obtained from DFT total energies.
Color coding as shown in legend.

3.2.Band structure and band gap

Given that the main aim of our study is to find suitable candidates for tandem solar cells, one of the important
characteristic features to look at is the energy band gap of these perovskite materials. The range of band gaps for the
most potential candidates is 1.0 eV and 1.9 eV, as already mentioned in the detailed balance limit for tandem cells
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Table 2. The stable phases of the inorganic perovskites based on the DFT
total energies (0 K) and empirical GTF calculation (room temperature).

R.T. Stable 0 K Stable
Perovskite GTF phase (GTF) 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
CsGel3 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
CsHgl3 0.85 Orthorhombic Orthorhombic
CsSnBr3 0.82 Orthorhombic Cubic
CsSnCl3 0.82 Orthorhombic Cubic
CsSnl3 0.80 Orthorhombic Cubic/
Orthorhombic
RbCdBr3 0.84 Orthorhombic Tetragonal
RbCdACI3 0.85 Orthorhombic Tetragonal
RbCdI3 0.83 Orthorhombic Cubic
RbGeBr3 0.91 Cubic Cubic
RbGeCl3 0.92 Cubic Cubic
RbGel3 0.90 Cubic Cubic
RbPbBr3 0.78 Orthorhombic Orthorhombic/
Cubic
RbPbCI3 0.78 Orthorhombic Orthorhombic/
Cubic
RbPDI3 0.77 Orthorhombic Cubic
RbHgBr3 0.82 Orthorhombic Orthorhombic
RbHgClI3 0.83 Orthorhombic Orthorhombic
RbHglI3 0.81 Orthorhombic Cubic
RbSnBr3 0.78 Orthorhombic Cubic
RbSnCI3 0.79 Orthorhombic Cubic
RbSnI3 0.78 Orthorhombic Orthorhombic/
Cubic
KCdBr3 0.81 Orthorhombic Tetragonal
KCdCI3 0.81 Orthorhombic Tetragonal
KCdI3 0.80 Orthorhombic Orthorhombic
KGeBr3 0.88 Orthorhombic Cubic
KGeCl3 0.89 Orthorhombic Cubic
KGel3 0.86 Orthorhombic Cubic
KPbBr3 0.75 Orthorhombic Cubic
KPbCl3 0.75 Orthorhombic Cubic
KPbI3 0.75 Orthorhombic Cubic
KHgBr3 0.79 Orthorhombic Orthorhombic
KHgCI3 0.79 Orthorhombic Orthorhombic
KHgl3 0.78 Orthorhombic Orthorhombic
KSnBr3 0.75 Orthorhombic Cubic
KSnCI3 0.75 Orthorhombic Cubic
KSnI3 0.75 Orthorhombic Cubic

M Kar and T Kérzdorfer

by De Vosin 1980 [8]. In this study, the band gaps of the perovskites in all the 3 phases (orthorhombic, tetragonal,
and cubic) are calculated using DFT semi-local PBE and the hybrid HSE functionals. However, as known, the
computational calculations come with certain inaccuracies, in order to be safe, we keep a margin of 0.5 eV on both
the high and the low ends, i.e. we consider all those perovskites that have a band gap between 0.5 eV and 2.5 eV. The
band gaps of the materials are initially calculated using the PBE functional. This functional is computationally less
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Figure 3. Pictorial depiction of change in the DFT band gaps with the 2 different functionals (PBE and HSE) without and with spin-
orbit coupling.

Table 3. The energy band gaps of the room temperature
stable phases of the perovskites as predicted by DFT

using the HSE functional.

Material Phase HSE band gap (eV)
RbCdI3 Orthorhombic 1.91
RbGeBr3 Cubic 1.89
RbHgCI3 Orthorhombic 1.94
RbHgI3 Orthorhombic 2.07
RbSnI3 Orthorhombic 0.98
KGeCl3 Orthorhombic 2.24
KPbBr3 Orthorhombic 2.30
KHgBr3 Orthorhombic 1.90
KHgCI3 Orthorhombic 2.27
KHgI3 Orthorhombic 1.58
KSnBr3 Orthorhombic 1.49
KSnCI3 Orthorhombic 2.47
KSnI3 Orthorhombic 1.14
CsCdI3 Orthorhombic 1.93
CsHgBr3 Orthorhombic 2.33
CsSnl3 Orthorhombic 0.94

expensive, but also less accurate in terms of calculating band gaps of complex periodic materials. Because of this
fact, the PBE functional is used as a pre-screening criterion in order to find materials whose band gaps are in the
required range. For the materials that pass the pre-screening criterion, the band gaps are again calculated, this time
using the more accurate, but also the more computationally expensive hybrid functional, HSE. This functional is
thus used for screening the materials to get band gaps in the desired range. It is important to note 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 for Cl-based perovskites, and the
most with I-based perovskites. Based on this observation and from literature findings, it can be inferred that as the
halide size increases, the valence band maximum of the perovskite is shifted upwards by the application of spin—
orbit coupling. The change in the DFT band gaps of the different perovskites with the 2 different functionals and
with and without the application of spin—orbit coupling is shown in figure 3.

The perovskite materials that pass the HSE screening based on their estimated band gaps are listed in the
supplementary information. Keeping in mind that the experimental synthesis of these materials are done at
room temperature, it is important to correlate the room temperature stable phase with the suitable band gaps.
Therefore, we list all those materials that give desired HSE 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 gaps must be

6
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Table 4. Experimental band gaps of the perovskites as available in literature.

Experimental stable Exp.

Material phase band gap References
RbGeBr3 Trigonal 2.74 [38]
CsGeBr3 Trigonal 2.32 [37]
CsGeCl3 Trigonal 34 [37]
CsGel3 Trigonal 1.53 [37-39]
CsSnBr3 Cubic 1.75 [36]
CsSnCl3 Monoclinic 2.8 [371
CsSnl3 Orthorhombic 1.27 [36]

directin nature. The nature of the band gaps are understood by plotting the band structures of the materials. The
band structures of all the perovskites listed in table 3 are plotted in figure 4. It is observed that Hg on the B-site
results in an indirect band gap.

However, an exception exists in case of RbHgI3, in which case, there is a direct band gap at the d$2-point.
From the final step of screening, we obtained 11 perovskite materials; 2 Cs-based, 3 Rb-based, and 6 K-based.

The available experimental band gaps of the perovskites are given in table 4 [35-39]. Upon comparing with
the predicted DFT data, it is seen that the band gaps are quite different. This is due to a number of reasons.
Firstly, for most 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 the DFT study are different from the ones measured 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 in DFT and is explained in detail in reference [57].

4. Conclusions

From this study, a number of novel perovskite materials are found those can be used for photovoltaic
applications. A few of these materials have already been synthesised and their experimental band gaps are given
in table 4. CsSnBr; and CsSnl; have PCE of 2.1% and 3.4% respectively in single junction devices [33]. CsGel;
has a PCE 0f 0.11% [58]. It is concluded that Ge based perovskites have really low PCE as compared to other
metals. However, the PCE of RbGeBr; is not available. No experimental evidence of the synthesis of Potassium
based halide perovskites has been found. But, it can be seen from the DFT studies done here, that these
perovskites show promising band gaps as well to be used in photovoltaic devices.
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