Electronic structures and properties of copper, germanium, or tin-based MA/Pb-free perovskite halides
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Introduction

Purpose

Perovskite halides with a typical composition of CH;NH;Pbl; provide high photoconversion The aim of the present study iIs to clarify the electronic structures and
efficiencies and lightweight/flexible solar cells. Since the main element Pb is toxic, perovskites properties of Cu, Ge, or Sn-based MA/Pb-free perovskite halides using
without Pb (Pb-free) should be developed from the viewpoint of natural environments and first principles calculations

human health. In addition, methyl ammonium (CH3;NH;, MA) Is an unstable molecule in the

crystal, and MA-free perovskites are also mandatory to improve their structural stabilities.
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Ge- or Sn-based Pb-Free perovskites

Crystal structures of (a) CsGel;, (b) RbGeBr,l,

(c) Rb,SnClg, and (d) Cs,Sn,;Ge, 5Brs.
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Energy gaps of various
perovskite compounds.
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Calculated J-V characteristics of devices
constructed with CsSnCl;, Cs,SnBrg, and Cs,Snls.
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Electron density distributions of (a) CsSnBr; with different
cross sections, (b, ¢) CsSn,:Ge,:Br,l, and (d, e)
Cs,Sn, sGe, :Br.
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Band structures and partial density of states for (a) Cs,SnClg, (b) Cs,Sn,:Ge, :Clg, (c) Cs,GeClg, (d) Rb,SnClg, (e) Rb,Sn,:Ge, Clg,
(f) Rb,GeClg, (g) Cs,SnBrg, (h) Cs,Sn,:GeysBrg, (i) Cs,GeBrg, (j) Rb,SnBrg, (k) RbSn, :Ge,Brg, and (I) Rb,GeBrg with double
perovskite structures.

Cu-based MA-Free perovskites
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~Structural models of (a) CsPbCl; and (b) CuPbCl,

i Crystal structures of reported ternary copper chlorides.
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Calculated results for CsPbCl; and
Cu*-based perovskite chlorides. (a)
Total energies per atom, (b) band gap”
energies obtained from the band

structures. Effective mass ratios of
(c) electrons or (d) holes, respectively. °7

Tauc plots of direct allowed
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transitions for (a) CsPbClj;, (b)
CuCacCls, (c) CuScCl;, (d) CuCrClsg,
(e) CuFeClj, (f) CuCuCl;, (g) CuznClsg,
and (h) CuGacCl,.

Tauc plots of direct allowed
transitions for (a) CuGeCl,, (b)
i CuSnCl,, and (c) Cu(I)DbCIg.
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Calculated total energies, effective mass ratios of electrons
and holes, and band gaps for directly allowed transitions. Eg
and E4r are band gap energies obtained from band structure or
Tauc plots, respectively.
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Calculated X-ray diffraction patterns
of Cu+-based perovskite chlorides.

Electron density distributions on the
cross sections of A-site (left) and PbClyg
(right) for (a) CsPbCl; and (b) CuPbCl,
crystals.
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Calculated band structures and PDOS of (a) CuGeCl;, (b) CuSnCl;, and (c) CuPbCl,.
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Conclusion

Monovalent copper (Cu*), rubidium (Rb), and cesium (Cs) were introduced at the MA sites, and various transition elements and typical elements such as Ni, Cr, Fe, Zn, and
others were also induced at the Pb site. Pb-free double perovskite bromides were also found to be the suitable photovoltaic materials, which would be due to high electron
density of Ge compared with Sn. The double perovskites have wide energy gaps and stabilities compared with the ordinary perovskites, and the hybridization of Ge/Sn
would influence the electronic structures. Total energies of Cs-based perovskites were reduced by the Cu* addition. The band gap energies of Cu-based Pb-free chlorides
with transition metals provided suitable values for solar cells. Carrier mobilities and crystal structures of the perovskites could be stabilized by overlapping of electron
orbitals between the chloride octahedron and Cu*. The Cu* at the MA-site would be effective to control the structures and stabilities of the all-inorganic perovskites, which
would expand the multiplicity of the perovskites, and the a-formamidinium cesium lead trilodide was stably formed by the Cu* addition.
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