
 

 
 

 

 
Chem. Proc. 2021, 3, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/chemproc 

Proceedings 1 

Crystal structures of various perovskite halide compounds ex- 2 

pected for solar cells 3 

Takeo Oku* 4 

Department of Materials Science, The University of Shiga Prefecture, 2500 Hassaka, Hikone, Shiga 522-8533, 5 
Japan 6 

* Correspondence: oku@mat.usp.ac.jp; Tel.: +81-749-28-8368 7 
 8 

Abstract: Crystal structures of various types of perovskite halide compounds expected for solar cells 9 

were summarized and described. In addition to the standard 3-dimensional CH3NH3PbI3 perovskite 10 

compound, other halides such as cation ordered double perovskite compounds and low dimen- 11 

sional perovskites with 2-, 1-, or 0-dimensionalities were described. Atomic arrangements of these 12 

perovskite compounds can be investigated by X-ray diffraction, and the X-ray diffraction was cal- 13 

culated and discussed based on the structural model. These results are useful for structure analysis 14 

of perovskite halide crystals, which are expected to be next-generation solar cell materials. 15 
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dimensional perovskite 17 

 18 

1. Introduction 19 

CH3NH3PbI3 perovskite compounds had been applied to solar cell materials [1], and 20 

the perovskite solar cells have been extensively produced and studied [2]. Subsequently 21 

to achievement of conversion efficiency of ~15% [3], higher conversion efficiencies have 22 

been reported for a number of varied devices and perovskite halide crystals [4–9], and 23 

efficiencies over 25% were achieved [10]. These perovskite solar cells provide high con- 24 

version efficiencies and easy fabrication process that are comparable to organic-based so- 25 

lar cells. 26 

The photovoltaic performances of the perovskite solar cells depend on the perovskite 27 

halide structures, electron transport layers, hole transport layers, nanoporous scaffold lay- 28 

ers, and their interfacial structures. Particularly, atomic structures of the perovskite crys- 29 

tals have an effect upon energy gaps and carrier mobility. The purpose of the present 30 

work is to investigate and summarize the crystal structures of various types of perovskite 31 

halide compounds such as basic CH3NH3PbI3 (MAPbI3), Cs-based halide, element-substi- 32 

tuted perovskites, low-dimensional perovskites and double perovskites, which are ex- 33 

pected to be usable as photovoltaic device materials. 34 

2. Structures of CH3NH3PbI3, Cs-based and elemental substituted perovskites 35 

Presently, CH3NH3PbI3 is the most standard and widely used compounds for perov- 36 

skite solar cells, as shown in Figure 1(a). Although the crystal structure of the CH3NH3PbI3 37 

has been investigated in detail, there are still some vague regions, and several structural 38 

models are proposed. Detailed crystal systems and lattice constants of CH3NH3PbI3 were 39 

reported and summarized [11]. 40 
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 1 
Figure 1. Crystal structures of (c) cubic CH3NH3PbI3, tetragonal CH3NH3PbI3 (c) CsSnI3, and (d) CsPbBr3. 2 

 3 

The CH3NH3PbI3 crystals show structural transitions upon heating [12–14]. As the 4 

temperature decreases to ~330 K, the cubic phase is transformed into the tetragonal phase 5 

[15,16], as shown in Figure 1(b). This transition temperature of ~330 K is nearly room tem- 6 

perature, which may also cause the structural instability. In the actual devices, a very weak 7 

reflection corresponding to the tetragonal symmetry may appear, and it might be better 8 

to refer to the cubic phase as a “pseudo-cubic” phase, which has nearly cubic symmetry 9 

with an a/c ratio of ~1 [11]. 10 

Numerous kinds of elemental substituted perovskite halides have been reported [11]. 11 

Partial elemental substitutions are often introduced for the CH3NH3PbI3 perovskite crys- 12 

tals to control the optoelectronic properties. For example, iodine atoms can be replaced by 13 

Br and Cl [17,18]. Examples of elemental substitutions are shown in Figure 1(c) and 1(d). 14 

When Pb2+ ions are substituted by Sn2+ ions, the diffraction intensities of CH3NH3SnI3 15 

change compared with those of CH3NH3PbI3. CH3NH3+ ions can also be substituted by Cs+ 16 

ions, as shown in the structural models of CsSnI3 in Figure 1(c) [19]. When the I− ions are 17 

substituted by Br− ions (Figure 1(d)), the diffraction peaks are shifted to higher angles. 18 

The performances of photovoltaic devices are strongly dependent on the elemental 19 

compositions of the perovskite halide crystals. Doping some elements such as tin (Sn) [20], 20 

antimony (Sb) [21], copper (Cu) [22–25], arsenic (As) [26], germanium (Ge) [27,28], zinc 21 

(Zn) [28,29], indium (In) [30], thallium (Tl) [30], cobalt (Co) [31,32], europium (Eu) [33], or 22 

bismuth (Bi) [34] at the lead (Pb) site has been attempted and investigated. 23 

Introducing cesium (Cs) [35,36], rubidium (Rb) [24,37], potassium (K) [38-40], sodium 24 

(Na) [23], formamidinium (HC(NH2)2, FA) [41,42], ethylammonium (CH3CH2NH3, EA) 25 

[43,44], or guanidinium (C(NH2)3, GA) [45-47] at the methylammonium (CH3NH3, MA) 26 

site could also affect the electronic states of the perovskite halides and enhance the con- 27 

version efficiencies. 28 

 29 

3. Double perovskites and low-dimensional perovskites 30 

As well as the ordinary elemental substitution, atomic orderings of the substituted 31 

elements have also been achieved and reported, which is called double perovskite or 32 

elpasolite. The general formula is A2BB’X6, and the ionic valence of B/B’ is 1+/3+ or 2+/2+. 33 

One of the examples of the double perovskite structure is Cs2AgBiBr6, and the structural 34 

model is shown in Figure 2(a) [11]. AgBr6 and BiBr6 octahedra are alternately ordered in 35 

the perovskite crystal, as shown in Figure 2(a). 36 

Various double perovskite halide compounds such as Cs2NaBiCl6, Cs2KEuCl6, 37 

Cs2LiScCl6, (CH3NH3)2AgBiBr6, Rb2NaCrCl6, and others have been reported and summa- 38 

rized [11], which are all Pb-free compounds. A calculated X-ray diffraction pattern of 39 

Cs2AgBiBr6 is shown in Figure 3. Peak intensities are fairly different from the standard 40 

MAPbI3, and the peaks were shifted to higher or lower angles by substituting elements. 41 

Some of these double perovskite elpasolite compounds are expected to apply to Pb-free 42 

solar cells [48,49], and the energy gaps have been reported [50]. 43 
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Figure 2. Crystal structures of (a) Cs2AgBiBr6 double perovskite and (b) 0D Cs2SnI6. 3 

 4 

 5 
Figure 3. Calculated XRD pattern of Cs2AgBiBr6 double perovskite. 6 

 7 

For the device conformation, highly crystalline-orientated grains and dendritic struc- 8 

tures can be formed and affected the photovoltaic properties. The actual crystal structures 9 

of perovskite halides in the thin film configuration can be investigated by Rietveld analy- 10 

sis optimizing the atomic coordinates and occupancies [11,51]. 11 

Application of the double perovskite elpasolites are also be expected for thermal neu- 12 

tron scintillator materials [52]. Other types of double perovskite compounds such as va- 13 

cancy-ordered double perovskites and 2-dimensional double perovskites have also been 14 

reported. 15 

Normal perovskite halide compounds, as described in the section 2, consist of octa- 16 

hedra sharing all vertices with the neighboring octahedra 3-dimensionally. In addition to 17 

the common 3-dimensional (3D) perovskites, various perovskite compounds with lower 18 

dimensional structures have been reported [11,53]. Like 2-dimensional (2D) supercon- 19 

ducting copper oxide perovskites [54,55], the derivative structures with lower dimension- 20 

ality could provide finer tunability of the electronic properties [56]. 21 

For the 0-dimensional (0D) perovskite, all BX6 octahedra are isolated in the perovskite 22 

crystal, as shown in Figures 2(b) [11]. For the Cs2SnI6 compound in Figure 2(b), there are 23 

insufficient Sn atoms to form CsSn0.5I3, and the SnI6 octahedra are isolated in the crystal 24 

with A site cations occupying the cuboctahedral voids. From the viewpoint of double per- 25 

ovskites, elements with tetravalent cations are incorporated to form 4+/0 double perov- 26 

skites. This is called vacancy-ordered double perovskites with the general formula of 27 

A2BvX6, where the v means vacant positions corresponding to the B’ site for the A2BB’X6 28 

double perovskites. Despite the isolated octahedral BX6 units, the close-packed iodide lat- 29 
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tice provides electronic dispersion, and Cs2SnI6 and other perovskites were applied to so- 1 

lar cells [57,58]. Pb free solar cells such as FA4GeSbCl12 have been reported [59], in which 2 

the double elements were selected to replace Pb. Cs2TiIxBr6−x vacancy-ordered double per- 3 

ovskite compounds were also reported to have stability and bandgaps between 1.0 and 4 

1.8 eV [60].  5 

In addition to the 3D and 0D perovskite compounds, 1-dimensional (1D) continu- 6 

ously connected octahedra exist in CsTiCl3 and Cs3Sb2Cl9. MA2CuClxBr4−x were also syn- 7 

thesized as Pb-free light harvesters [61,62] with two-dimensionality (2D). Other types of 8 

2D layered perovskites were also reported, which is called the Dion-Jacobson (DJ) struc- 9 

ture [63], which. The lead iodides with DJ perovskite structures have the standard formula 10 

of A(MA)n−1PbnI3n+1. Ruddlesden-Popper 2D perovskite structures were also reported [64]. 11 

These perovskite compounds consist of inorganic perovskite layers inserted with bu- 12 

tylammonium cations. 13 

In addition to the above 2D perovskites, 2D double perovskite halides such as PA4Ag- 14 

BiBr8 and PA4AgInCl8 were synthesized by incorporating organic spacer cations such as 15 

propylammonium and octylammonium into standard 3D double perovskites [65]. The 16 

band gap energy can be tuned by selecting the spacer layer thickness [50, 65]. First princi- 17 

ple calculations will also predict the properties and stabilities of the perovskite structures 18 

[66,67]. 19 

4. Conclusion 20 

Several types of element substituted perovskite and double perovskite halides were 21 

described. Cation- or vacancy-ordered double perovskite compounds could be the one of 22 

the candidates for Pb-free perovskite solar cells. Low dimensional perovskite compounds 23 

with 2-, 1-, or 0-dimensionality and 2-dimensional double perovskites were also de- 24 

scribed, which will provide the further diversity of these perovskite halides. Even for the 25 

single crystal of MAPbI3, some amounts of defects such as CH3NH3 could exist, and the 26 

electronically neutral conditions may be maintained by the iodine defects or mixed cation 27 

valences of Pb2+ and Pb4+. This kind of tolerance for defects and nonstoichiometry would 28 

provide a wide processing window for these perovskite thin films which could be used 29 

for solar cells. 30 
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