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Two open problems in perovskite research

1 Understanding electron transport

2 Finding non-toxic alternatives to Pb
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Stability of lead halide perovskites

0 min 10 min 30 min 45 min 60 min

Leijtens et al., J. Mater. Chem. A 5, 11483 (2017)

Leguy et al., Chem. Mater. 27, 3397 (2015)
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Computational cation exchange

Cs1+

Pb2+
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Homovalent Pb replacement
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Homovalent Pb replacement
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Filip & Giustino, J. Phys. Chem. C 120, 166 (2016)
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Screening by successive refinements

Filip & Giustino, J. Phys. Chem. C 120, 166 (2016)

Giustino L2:05/40



Screening by successive refinements

w/o spin-orbit coupling

with spin-orbit coupling

Filip & Giustino, J. Phys. Chem. C 120, 166 (2016)
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Screening by successive refinements

Example: Hyphothetical CsMgI3 perovskite

Our working hypothesis

Filip & Giustino, J. Phys. Chem. C 120, 166 (2016)
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Screening by successive refinements

Example: Hyphothetical CsMgI3 perovskite

Our working hypothesis The real structure from the
Inorganic Crystal Structure Database

(ICSD)

Filip & Giustino, J. Phys. Chem. C 120, 166 (2016)
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Homovalent Pb replacement
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Filip & Giustino, J. Phys. Chem. C 120, 166 (2016)
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Heterovalent Pb replacement

2+++

B1+++ B3+++
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Double perovskites

perovskite double perovskite

(elpasolite)

MAB2+X3 MA2B
1+B3+X6
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Heterovalent Pb replacement
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Electronic properties of double perovskites

Cs2BiB′X6, B′ = Cu, Ag, Au

Volonakis et. al, J. Phys. Chem. Lett. 7, 1254 (2016)
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Stability analysis of double perovskites

Cs2BiB′X6 Cs2SbB′X6

Filip et al., J. Phys. Chem. C 122, 158 (2018)
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Stability analysis of double perovskites

Cs2BiB′X6 Cs2SbB′X6

Filip et al., J. Phys. Chem. C 122, 158 (2018)
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Double perovskites predicted by DFT

Cs2BiAgCl6

Cs2BiAgBr6

Cs2SbAgCl6
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Double perovskites predicted by DFT

Cs2BiAgCl6

Cs2BiAgBr6

Cs2SbAgCl6

Where do we start with experiments?
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Experimental synthesis of predicted compounds

Amir Haghighirad

Cs2AgBiCl6

solid-state reaction

Cs2AgBiBr6

solution process

Volonakis et al., J. Phys. Chem. Lett. 7, 1254 (2016); Filip et al., JPCL 7, 2579 (2016)

Slavney et al., J. Am. Chem. Soc. 128, 2138 (2016)

McClure et al., Chem. Mater. 28, 1348 (2016)
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Characterization of new compounds

Cs2BiAgCl6, cubic Fm3m

Powder X-ray diffraction
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Characterization of new compounds

Cs2BiAgCl6 Band structure (PBE0)

Absorption spectrum for visible/UV light
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Characterization of new compounds

Cs2BiAgCl6 Band structure (PBE0)

Absorption spectrum for visible/UV light

Indirect band gap

Bi-6s
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Double perovskites with direct band gap
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Double perovskites with direct band gap

Bi3+: 6s2 occupied

In3+: 5s2 empty
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Double perovskites with direct band gap
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ICSD reports Cs2InNaCl6
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Double perovskites with direct band gap

Cs2InAgCl6

Direct band gap as anticipated

Conduction band

Valence band
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Double perovskites with direct band gap

Amir Haghighirad

Cs2InAgCl6

DFT lattice parameter

set to experimental value

Powder X-ray diffraction

Giustino L2:20/40



Double perovskites with direct band gap

Optical absorption and photoluminescence of Cs2InAgCl6

Volonakis et al., J. Phys. Chem. Lett. 8, 772 (2017)
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Single-emitter white LED using Cs2InAgCl6 Giustino L2:22/40



New perovskites designed and synthesized

Compound Band Gap Character First reported

Cs2BiAgCl6 2.4 eV indirect Slavney et al., JACS 128, 2138 (2016)

Cs2BiAgBr6 1.9 eV indirect McClure et al., Chem Mater 28, 1348 (2016)

Cs2SbAgCl6 2.5 eV indirect Tran et al., Mater Horiz 4, 688 (2017)

Cs2InAgCl6 3.3 eV direct Volonakis et al., JPCL 8, 772 (2017)

Ba2AgIO6 1.9 eV direct Volonakis et al., JPCL 10, 1722 (2019)
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New perovskites designed and synthesized

Compound Band Gap Character First reported

Cs2BiAgCl6 2.4 eV indirect Slavney et al., JACS 128, 2138 (2016)

Cs2BiAgBr6 1.9 eV indirect McClure et al., Chem Mater 28, 1348 (2016)

Cs2SbAgCl6 2.5 eV indirect Tran et al., Mater Horiz 4, 688 (2017)

Cs2InAgCl6 3.3 eV direct Volonakis et al., JPCL 8, 772 (2017)

Ba2AgIO6 1.9 eV direct Volonakis et al., JPCL 10, 1722 (2019)

Zhuo et al,

J Mater Chem A 5, 15031 (2017)

Ning et al,

Adv Mater 30, 1706246 (2018)
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Broadening the search space

Other perovskites for photovoltaics?

en.wikipedia.org/wiki/Perovskite
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Examples from the Materials Project

Yan et al., PNAS 114, 3040 (2017)

Singh et al., Nat. Commun. 10, 443 (2019)
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Counting perovskites

Known perovskites and double perovskites

from ICSD and literature

1,622
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Counting perovskites

Known perovskites and double perovskites

from ICSD and literature
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Possible quaternary compounds

ABX3 or A2BB′X6

3,658,527
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Counting perovskites

Known perovskites and double perovskites

from ICSD and literature

1,622

Possible quaternary compounds

ABX3 or A2BB′X6

3,658,527

Assuming 1h of HPC per calculation,

screening this database would require

160 years
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No-rattling principle

H. Megaw, Crystal Structures. A Working Approach (Saunders, Philadelphia, 1973)

V. M. Goldschmidt, The laws of crystal chemistry, Naturwissenschaften 14, 477 (1926)

A. Magnus, The chemistry of complex compounds, Z. Anorg. Allg. Chem. 124, 289 (1922)

ABX3

rB

rX

rA

tolerance factor

t =
1√
2

rA + rX
rB + rX

octahedral factor

µ =
rB
rX
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Classification using Goldschmidt descriptors

Li, Soh & Wu, J. Alloys Cmpd. 372, 40 (2004)

171 oxides
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Classification using Goldschmidt descriptors

Pilania, Balachandran, Kim & Lookman, Front. Mater. 3, 19 (2016)

183 halides
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Classification using Goldschmidt descriptors

576 ABX3 compounds, Machine learning using SISSO
(sure independence screening and sparsifying operator)

Bartel et al., Sci. Adv. 5, eaav0693 (2019)

τ =
rX
rB
− nA

(
nA −

rA/rB
log rA/rB

)
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No-rattling principle in equations

Cubic perovskite
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No-rattling principle in equations

Stretch limit

rA + rX =
√

2 (rB + rX)

t = 1

Perovskite
region
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No-rattling principle in equations

Octahedral limit

√
2 (rB + rX) = 2 rX

µ =
√

2− 1

Perovskite
region
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No-rattling principle in equations

Tilt limit

Perovskite
region
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No-rattling principle in equations

Tilt limitTilt limit

Perovskite
region
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No-rattling principle in equations

Bound type Abbreviation Inequality

Stretch limit SL t ≤ 1

Octahedral limit OL µ̄ ≥
√

2− 1 + ∆µ

Tilt limit TL1 t ≥ (0.44 µ̄+ 1.37)/
√

2(µ̄+ 1)

TL2 t ≥ (0.73 µ̄+ 1.13)/
√

2(µ̄+ 1)

Chemical limit CL1 t ≤ 2.46/[2(µ̄+ 1)2 + ∆µ2]1/2

CL2 µ̄ ≤ 1.05

t =
1√
2

rA + rX
rB + rX

µ =
rB
rX

Filip & FG, Proc Natl Acad Sci USA 115, 5397 (2018)
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Classification accuracy of Goldschmidt’s rules

1,622 perovskites and 669 non-perovskites

Filip & Giustino, Proc Natl Acad Sci USA 115, 5397 (2018)
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Classification accuracy of Goldschmidt’s rules

1,622 perovskites and 669 non-perovskites

Filip & Giustino, Proc Natl Acad Sci USA 115, 5397 (2018)

80±4% classification accuracy with 95% confidence
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Classification accuracy of Goldschmidt’s rules

1,622 perovskites and 669 non-perovskites

Filip & Giustino, Proc Natl Acad Sci USA 115, 5397 (2018)

80±4% classification accuracy with 95% confidence

Cross-validation on 786 perovskites not in ICSD
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Comparison with DFT screening

× experiment (382 perovskites)

� geometric model (92%)

• DFT (59%)

DFT calculations from Emery et al, Chem Mater 28, 5621 (2016), ABO3 compounds
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Geometric hight-throughput screening

Screening of 4M compounds yields

94,232
perovskites
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Data mining the internet

93,499 perovskites
never reported
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Data mining the internet

93,499 perovskites
never reported

giustino.materials.ox.ac.uk
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Take-home messages

• The new lead-free perovskites are promising
for photovoltaics and lighting

• By combining DFT and experiments we can
truly make new materials for energy

• Simple concepts such as ionic radii can go a
long way in materials discovery
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Recommended reading

The high-throughput highway to computational materials design

S. Curtarolo, G. L. W. Hart, M. Buongiorno Nardelli, N. Mingo, S.
Sanvito, O. Levy, Nature Mater. 12, 191 (2013)

https://www.nature.com/articles/nmat3568

Toward Lead-Free Perovskite Solar Cells

F. Giustino and H. J. Snaith, ACS Energy Lett. 1, 1233 (2016)

http://pubs.acs.org/doi/10.1021/acsenergylett.6b00499
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