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Summary of lectures

• Energy & Photovoltaics

• Halide Perovskites

• Density functional theory

• Two examples on perovskite photovoltaics

1 Modelling: Electron transport

2 Design: Lead replacement
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Primary energy consumption

Central and South AmericaEJ/year

2016: 32,000 kcal/day/person

(85,000 kcal/day/person in EU)

Source: U.S. Energy Information Administration
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Energy consumption by source

Colombia, 2017

BP Statistical Review of World Energy (2018)

Natural Gas

(20%)

Oil (39%)

Hydroelectric

(30%)

Coal

(9%)

Other Renewables

(1%)
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Solar irradiation in Colombia

2017 The World Bank, Solar resource data: Solargis
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Solar irradiation in Colombia

2017 The World Bank, Solar resource data: Solargis

With 100% efficient solar panels
La Guajira desert could power
all Central & South America

65 km
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Shockley-Queisser limit

c©Fabian Ruf/Scilight

From: Polman et al., Science 352, aad4424 (2016)
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NREL Efficiency Tables

https://www.nrel.gov/pv/assets/pdfs/pv-efficiency-chart.20190103.pdf
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NREL Efficiency Tables

23.7% ISCAS 28% OxfordPV (Si/Per)

https://www.nrel.gov/pv/assets/pdfs/pv-efficiency-chart.20190103.pdf

Giustino L1:06/41



The rise of perovskites Giustino L1:07/41



Cost of silicon solar cells

Bloomberg New Energy Finance & pv.energytrend.com
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Silicon and perovskites

Silicon is unbeatable in price but we need more efficient cells:
silicon/perovskite tandem cells may be the future

Hörantner and Snaith, Energy Environ. Sci. 10, 1983 (2017)
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The perovskite structure

ABX3

Ca2+Ti4+O2−
3
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Organic-inorganic lead halide perovskites

MAPbI3 (MA = methylammonium)
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The organic cation

MA = CH3NH+
3

Orthorhombic, T < 167 K Cubic, T > 327 K

Weller et al., Chem. Commun. 51, 4180 (2015)
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Optical properties of MAPbI3

Dang et al., CrystEngComm

17, 665 (2015)

Davies et al., Nat. Commun. 9, 293 (2018)
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Two open questions in perovskite research

1 Understanding electron transport

2 Finding non-toxic alternatives to Pb
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Quantum-mechanical modelling of materials

Schrödinger’s equation for the H atom

− ~2

2me
∇2 ψ − e2

4πε0|r|
ψ = Etot ψ
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Quantum-mechanical modelling of materials

Density-functional theory (DFT) and Kohn-Sham equations

− ~2

2me

∇2 ψn + VSCF ψn = En ψn
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Popularity of DFT

Van Norden, Nature 514, 550 (2014)
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Popularity of DFT

Van Norden, Nature 514, 550 (2014)
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Popularity of DFT

The B3LYP papers that ranked 7th and 8th in 2014 are now at ∼75k cites
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DFT for undergraduates

DFT is included in the undegraduate curriculum at Oxford since 2010
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Two open questions in perovskite research

1 Understanding electron transport

2 Finding non-toxic alternatives to Pb
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Measured carrier mobility of MAPbI3

Thin Films

Optical pump, THz probe

Milot et, AFM. 25, 6218 (2015)

Photoconductivity

Karakus et, JPCL 6, 4991 (2015)

Single Crystals

Space-sharge-limited current

Shi et, Science 347, 519 (2015)

Time-of-flight

Dong et, Science 347, 967 (2015)

Dark current-voltage

Saidaminov et, NC 6, 7586 (2015)

Time-of-flight

Shrestha et, JPPC 122, 5935 (2018)
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Electron mobility from first principles

E = 0

v = 0

e−
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Electron mobility from first principles

E = 0

v = 0

e−

E 6= 0

e−

v = (eE/m)τ
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Electron mobility from first principles

µ mobility

v =
e τ

m
E

Scattering processes
(e.g. phonons)

Band structure
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Mobility from first principles

Carrier mobility from the electric current
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Boltzmann transport equation

position

m
om

en
tu

m

x x + dx

k

k + dk

Lundstrom, Fundamentals of carrier transport, CUP 2000
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Boltzmann transport equation
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scattering
out

scattering
in

Lundstrom, Fundamentals of carrier transport, CUP 2000
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Boltzmann transport equation

(−e)E · 1

~
∂fnk
∂k

=
2π

~
∑
mν

∫
dq

ΩBZ

|gmnν(k,q)|2

×
{

(1− fnk)fmk+qδ(εnk − εmk+q + ~ωqν)(1 + nqν)

+(1− fnk)fmk+qδ(εnk − εmk+q − ~ωqν)nqν

−fnk(1− fmk+q)δ(εnk − εmk+q − ~ωqν)(1 + nqν)

−fnk(1− fmk+q)δ(εnk − εmk+q + ~ωqν)nqν
}
}

Li, Phys. Rev. B 92, 075405 (2015)

Poncé, Margine & FG, Phys. Rev. B 97, 121201 (2018)

Sohier et al., Phys. Rev. Mater. 2, 114010 (2018)
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Software implementation

epw.org.uk

www.quantum-espresso.org
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Experimental validation of the method

Electron mobilities of Si and GaN

Poncé, Schlipf & FG, ACS Energy Letters 4, 456 (2019)
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Band structure of MAPbI3

Orthorhombic Pnma structure, DFT+GW

Filip & FG, PRB 90, 245145 (2014)
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Band structure of MAPbI3

Orthorhombic Pnma structure, DFT+GW

Pb-6s + I-5p

m∗ = 0.23me

Pb-6p

m∗ = 0.22me

Brivio, Walker, Walsh,

APL Mater 1, 042111 (2013)

Filip & FG, PRB 90, 245145 (2014)
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Band structure of MAPbI3

Orthorhombic Pnma structure, DFT+GW

Pb-6s + I-5p

m∗ = 0.23me

Pb-6p

m∗ = 0.22me

Brivio, Walker, Walsh,

APL Mater 1, 042111 (2013)

Filip & FG, PRB 90, 245145 (2014)
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Phonons and infrared spectrum of MAPbI3

Fourier Transform Infrared Spectrum by M. Johnston, Oxford

Perez-Osorio et al., J. Phys. Chem. C 119, 25703 (2015)
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Phonons and infrared spectrum of MAPbI3

Fourier Transform Infrared Spectrum by M. Johnston, Oxford

Phonons

Perez-Osorio et al., J. Phys. Chem. C 119, 25703 (2015)
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Phonons and infrared spectrum of MAPbI3

experiment

Perez-Osorio et al., J. Phys. Chem. C 119, 25703 (2015)
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Phonons and infrared spectrum of MAPbI3

theory

experiment

Perez-Osorio et al., J. Phys. Chem. C 119, 25703 (2015)
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Phonons and infrared spectrum of MAPbI3

theory

experiment

CH & NH stretching

Perez-Osorio et al., J. Phys. Chem. C 119, 25703 (2015)
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Phonons and infrared spectrum of MAPbI3

theory

experiment

MA bending & rocking

Perez-Osorio et al., J. Phys. Chem. C 119, 25703 (2015)
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Phonons and infrared spectrum of MAPbI3

theory

experiment

Pb-I stretching, bending,

rocking & MA librations

Perez-Osorio et al., J. Phys. Chem. C 119, 25703 (2015)
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Vibrational density of states

Pérez, Milot, Filip, Patel, Herz, Johnston & FG, J Phys Chem C 119, 25703 (2015)
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Fröhlich electron-phonon coupling in MAPbI3

Schlipf, Poncé & FG, Phys Rev Lett 121, 086402 (2018)

Pb-I-Pb bending Pb-I stretching
MA librations &

translations

3.9 meV 13 meV 20.4 meV

1 2 3
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Phonon contribution to carrier relaxation rates

Strength of
electron-phonon coupling

Electron relaxation time

1

2

3

1

2

3

Poncé, Schlipf & FG, ACS En Lett 4, 456 (2019)
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Theoretical vs. measured mobility of MAPbI3

Thin Films

Optical pump, THz probe

Milot et, AFM. 25, 6218 (2015)

Photoconductivity

Karakus et, JPCL 6, 4991 (2015)

Single Crystals

Space-sharge-limited current

Shi et, Science 347, 519 (2015)

Time-of-flight

Dong et, Science 347, 967 (2015)

Dark current-voltage

Saidaminov et, NC 6, 7586 (2015)

Time-of-flight

Shrestha et, JPPC 122, 5935 (2018)
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Theoretical vs. measured mobility of MAPbI3

Thin Films

Optical pump, THz probe

Milot et, AFM. 25, 6218 (2015)

Photoconductivity

Karakus et, JPCL 6, 4991 (2015)

Single Crystals

Space-sharge-limited current

Shi et, Science 347, 519 (2015)

Time-of-flight

Dong et, Science 347, 967 (2015)

Dark current-voltage

Saidaminov et, NC 6, 7586 (2015)

Time-of-flight

Shrestha et, JPPC 122, 5935 (2018)

38 cm2/Vs

72 cm2/Vs
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How to engineer high-mobility perovskites

µ

e~/me kBT
=

0.052 (~ωLO/kBT )3.3 + 0.34

(αm∗/me)

Poncé, Schlipf & FG, ACS En Lett 4, 456 (2019)
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How to engineer high-mobility perovskites

µ

e~/me kBT
=

0.052 (~ωLO/kBT )3.3 + 0.34

(αm∗/me)

Poncé, Schlipf & FG, ACS En Lett 4, 456 (2019)
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Additional remarks

Polarons in lead-halide perovskites (CsPbBr3)

Miyata et al., Sci. Adv. Sci. Adv. 3, e1701217 (2017)
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Additional remarks

Neutron power diffraction of deuteradted MAPbI3 (d6-MA = CD3ND3)

Modelling the room-temperature phase requires configurational average

10 K 130 K 190 K 300 K 350 K

Whitfield et al., Sci. Rep. 6, 35685 (2016)
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Take-home messages

• Halide perovskites are a promising new class
of semiconducting materials

• Realistic potential for PV deployment and
commercialization

• Ab initio calculations are important to clarify
the microscopic mechanisms underpinning
solar cell operation
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Recommended reading

Metal halide perovskites for energy applications

Zhang, Eperon & Snaith

Nature Energy 1, 16048 (2016)

https://doi.org/10.1038/nenergy.2016.48

Opportunities and challenges for tandem solar cells
using metal halide perovskite semiconductors

Leijtens, Bush, Prasanna & McGehee

Nature Energy 3, 828 (2018)

https://doi.org/10.1038/s41560-018-0190-4
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