The meteoric rise of perovskite solar cells
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Solar splitting of water into hydrogen and oxygen

Perovskite solar cell (PSC) effiiency evolution (blue9 driven by perovskite photovoltaics

and number of PSC - related publications







Solar energy research in ISIC, EPFL
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Perovskite minerals were discovered in the Russian Ural mountains

CH,NH,Pbl,

AMX; e.g. CaTiO; or CH;NH,Pbl,

Lev Perovski (1792 - 1856)

The mineral was discovered in the Ural
Mountains by the German scientist Gustav Rose in

1839, who named it perovskite to honor the
famous Russian mineralogist Lev Perovski
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The light and shade of
perovskite solar cells

Michael Gratzel

The rise of metal halide perovskites as light harvesters has stunned the photovoltaic community. As the
efficiency race continues, questions on the control of the performance of perovskite solar cells and on its

characterization are being addressed.

CH,NH,PbBr,

Absorption

CH;NH;Pbl; single crystals




Metal halide perovskites offer advantages as solar light
harvesters

General formular: ABX,

A (green): Cs*, CH;NH;* or CH(NH,),*
B (dark grey): Pb?*, Sn?*
X (red): BrCl, - I

Strong light absorption in the visible
Tunable band gap

Small exciton dissociation energy ( <30 meV)
Low defect concentration

High open circuit voltage close to band gap energy




Goldschmidt tolerance factor: key criterion for feasibility of perovskite lattice formation

3 N
t=(Ry+ Ry)/{V2(Rg + Ry) =1
U =Rg/R, = 0.4




Band structure and orbitals for CH;NH,Pbl,

Courtesy: Ashtani Asari Negar,
Simone Meloni
Ursula Roethlisberger EPFL




CH;NH;Pbl; has ambipolar character (n-type, p-type conductor)

1)electronic properties of the 3D MAPbDI,, (frontier orbitals nature; band structure
analysis; the impact of SOC; use of hybrid functionals in band gap prediction).

G. Giorgi, J. Fujisawa, H. Segawa, K. Yamashita J. Phys. Chem. Lett., 2013, 4. 4213-4216
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Band structure calculations for cubic-CH;NH,Pbl,

DFT using GGA + SOC (correct dispersion shape but gap underestimated by 1eV)

Courtesy: Ashtani Asari Negar, Simone Meloni Ursula Roethlisberger EPFL
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Perovskite Solar Cells (PSCs) emerged from Dye Sensitized Solar Cells

Dye sensitized solar cell (DSC) ~ - Perovskite solar cell (PSC)

Dye sensitized solar cell Pervovskite solar cell
courtesy Sony corporation courtesy Hongwei Han




PSCs evolved from the DSC
The first embodiment of a PSC described by Miyasaka
In his 2009 JACS paper was a mesoscopic dye sensitized
solar cell using ammonium lead halide perovskites
as sensitizer and iodide base liquid electrolyte.

Tsutomu (Tom ) Miyasaka playing his violin fabricated in
1835 in Torino ltaly during the ICES 2014 conference
Dinner in Niseto, Hokkaido, Japan on February 06, 2014.




Perovskite solar cells (PSCs) emerged from dye sensitized solar cells

CH;NH;Pbl; pervoskite nanoparticles
deposited on mesoscopic TIO2 from
butyolacton solution in one step
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Perovskite pigment replaces the molecular sesntizer in a dye sensitized solar

cells (T.Miyasaka, et al. JACS 2009, 131, 6050-6051, N.G Park et al Nanoscale
2011, 3, 4088-4093)

unstable in liquid electrolyte based DSSC

stable and more efficient in solid state hole conductor based DSSC




Solid state sensitized DSCs launched PSC’s on their high effiency path

)

U. Bach, D. Lupo, P. Comte, J.-E. Moser, F. Weissortel, J. Salbeck, H. Spreitzer and M. Gratzel
"Solid-state dye-sensitized mesoporous TiO, solar cells with high photon-to- electron
conversion efficiencies” Nature 1998, 395, 583-585.




Year 2012 Landmark paper fpr PSCs

Chung, I., Lee, B., He, J., Chang, R. P. H. &
Kanatzidis, M. G. All-solid-state dye-sensitized
solar cells with high efficiency Nature 485,
447876747879 (2012).

Electron conduction assumed by >
CH;NH,PbI,

H.S.Kim, C.R.Lee, J.H.Im, K.B. Lee, T. Moehl, A. Marchioro, S.J.Moon, R. R.Humphry Baker,

J.H.Yum, J.E. Moser, M. Gratzel, N.G. Park,
Lead lodide Perovskite Sensitized All-Solid-State Submicron Thin Film Mesoscopic Solar Cell

with Efficiency Exceeding 9%, Sci.Reports 2, 591 (2012)

L 31 Hole conduction assumed by PSC







Band alignement of pervoskite/TiO,/spiro-MeOTAD heterojunction
solar cells
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CH;NH;Pbl;:

Ambipolar semiconductor band gap 1.55 eV

Bohr radius of the first exciton: 2 nm

Exciton binding energy 10 -30 meV, exciton dissociation time 1-2 ps




Infiltration of mesoporous TiO, scaffold by perovskite enhances light harvesting

Seok et.al Nature Photonics (2013), 7(6), 486-491.




Nature, 499, 316-319 (2013) article

announces leap of conversion efficiency from ca 10% to 15%

1300 citations in 2 years |

EPFL/LPI Graduate students Norman Pellet (left)
and Julian Burschka (right)




STEM —EDS elemental Mapping shows complete infiltration of mesoporous
TiO, by perovskite

STEM —EDS images from a a thin slab Ti mapping only
carved out by ion milling from a

mesoporous TiO, film infiltrated with

CH;NH,Pbl; by sequential deposition

Courtesy: Dr. Ibrahim Dar, EPFL, 2015

Ti and Pb mapping

Scanning transmission electron microscope
+ energy dispersive X-ray spectroscopy
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Today’s most efficient pervoskite solar cells employ
mixtures of
A cations and iodide /bromide as anion

General composition FA, ,MA Pb(l, Br,)

FA =

formamidinium

X =0.15 gives optimal results MA = methylammonium




Angew.Chem: Int. Ed. 2014

— FAIl
- - - MALFAI 3:2




Entropic stabilisation of mixed Cs+ /formamidinium cation perovskites

The stable fprms pf CsPbl; and FaPbl; are non —perovskite delta phases at room temperature
Amazingly, upon mixing a stable peroxide structure forms spontaneously










Electroluminescent PSCs based on tailored mixed cation perovskites
use stochiometric excess of Pbl,

Dongqin Bi, Wolfgang Tress, M. Ibrahim Dar, Peng Gao, Jingshan Luo, Clémentine Renevier, Kurt Schenk,

Antonio Abate, Fabrizio Giordano, Juan-Pablo Correa Beana, Jean- David Decoppet, Shaik M. Zakeeruddin,
M.Khaja Nazeeruddin, Michael Gratzel and Anders Hagfeldt

* Single step from a solution containing a
mixture of FAI, Pbl2, MABr and PbBr2

Mesoporous TiO2 and spiro-MeQOTAD

Molar ratio of PbI2/FAl of 1.05 in the
precursor solution.

Excess Pbl2 content is about 3 weight %.

Excess of Pbl2 suppresses non-radiative
charge carrier recombination.

External electroluminescence quantum

Bi et al. Sci. Adv. 2016;2:€1501170 1 January efficiency 0.5 % at a voltage of 1.5 V

2016




Effect of excess stochiometric Pbl, on the photovoltaic metrics of mixed cation PSCs
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Electroluminescence of pervoskite solar cell




The open circuit photo-voltage of a photovoltaic cell is linked to its
external emission quantum yield at open circuit

Voczvoc-ideal + (kT/q)lnq)ext
E,- 0.3V (for silcon)

\Y

. ~
oc-ideal

E, = band gap energy expressed in electron volt
d.r = €xternal quantum yield of light emission by the PV cell

under open circuit condition
Ross, R. T. J. Chem. Phys. 46, 4590 (1967).

The maximum open circuit photovoltage of a CH;NH,Pbl; based photovoltaic under
standard AM 1.5 illumination is 1.55-0.23=1.32V




Urbach energy reflects degree of disorder




Certification of 21 % efficient pervoskite solar cell made by EPFL

PCE =21.04 %




Presently PSC record efficiency stands at 22.1 % surpassing
polycrystalline silicon cells

Dr. Dongqin Bi, LSPM, EPFL

Prof. Anders Hagfeldt.
NREL chart showing certified efficiencies of best laboratory cells Director LSPM. EPFL




Perovskite solar cells offer lowest cost of all photovoltaic technologies

Courtesy Martin Green
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Lithium Doping of Mesoporous TiO,

Li treatment improves electron transport in TiO,




Intensity modulated photocurrent spectroscopy shows faster
electron transport by Li* doping of TiO, scaffold

|
g u L
PO

Imaginary component of the intensity-modulated photocurrent spectra collected for the
PSCs prepared with Li doped and bare mesoporous TiO,.
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Hole Transporting Materials for Stability

Dr. Antonio Abate

—— Spiro-OMeTAD
——PEH-2
—{—PEH-1

=
(]
<
E
r=
o
=
O

04 0.6
Voltage (V)

~0 o—

» 0
it cathey

Iy
CgH13CeHys

PEH-1

Higher Stability with less efficient materials!

A. Abate, S. Paek, F. Giordano, J.-P. Correa-Baena, M. Saliba, P. Gao, T. Matsui, J. Ko, S. M. Zakeeruddin, K. H. Dahmen, A. Hagfeldt, M. Gratzel, M. K. Nazeeruddin,
Silolothiophene-linked triphenylamines as stable hole transporting materials for high efficiency perovskite solar cells, Energy & Environmental Science (2015)




New Hole Transporting Materials for High Efficiency

J,.=22.7 mA/cm?
V,.=1.15V
Dr. Michael Saliba FF = 0-76

PCE = 20.20 %

Taisuke Matsui




Molecular structure of 2',7'-Bis(bis(4-
methoxyphenyl)amino)spiro[cyclopenta[2,1-b:3,4-
b'ldithiophene-4,9'-fluorene, refered to as FDT
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Mesoscopic vs planar perovskite cell configuration




Band Alignment Engineering

Planar devices!

hole transporter

Perovskite

electron transporter

Perovskite Perovskite

Flat SnO, ALD layer works better than flat TiO,
ALD Layer

J.-P. Correa Baena, L. Steier, W. Tress, M. Saliba, S. Neutzner, T. Matsui, F. Giordano, T. J. Jacobsson, A. R. S. Kandada, S. M. Zakeeruddin, A. Petrozza,
A. Abate, M. K. Nazeeruddin, M. Graetzel, A. Hagfeldt, Highly efficient planar perovskite solar cells through band alignment engineering, Energy & Environmental Science (2015)




Electron extraction from the photo-excited cation/anion mixed
perovskite is 20 times faster with SnO2 compared to TiO2 compact layer
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Monolithic Perovskite/Silicon Tandem

Collaboration with Helmholtz Zentrum Berlin

Low temperature SnO, useful for tandems!

Dr. Steve Albrecht Dr. Michael Saliba Dr. Juan-Pablo Correa-Baena

S. Albrecht, M. Saliba, J.-P. Correa Baena, F. Lang, L. Kegelmann, M. Mews, L. Steier, L. Korte, A. Abate, R. Schlatmann, M. K. Nazeeruddin, A. Hagfeldt, M. Graetzel, and Bernd Rech,
Monolithic Perovskite/Silicon-Heterojunction Tandem Solar Cells Processed at Low Temperature (submitted)
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Science 345. 295 (2014




Cross section and energy level diagram of a fully printable triple layer perovskite cell







Heat stress test of a triple layer PSC. The device was kept in an oven at 80-85 C for 90 days.
It was removed at several intervals from the oven and cooled overnight to equilibrate at
ambient temperature before recording the PV device performance metrics. Measurements
employed simulated full solar AM 1.5 light at room temperature.




Stability pf a carbon based PSC led at the maximum power point under prolonged
light soaking at 45 °C and 1000 W/m?2 LED white light




Our new world record efficiency for scaled up perovskite cells 19.6 %
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Lead-free perovskites beyond CH;NH,Pbl,

AMX,

» Halides: |, Br, Cl

» Cation (divalent): Sn, Cu, Ge?

» Cation (monovalent): (HC(NH,),Pbl;; Cs, ...?
Beyond AMX,

» Multidimensional : OD — 2D perovskites

CsGel;, MAGel,4
MA,CuCl,Br,




Towards Pb-free perovskite solar cells
Boix, Agarwala, Koh, Mathews, Mhaisalkar. J. Phys. Chem. Lett. 6, 898-907 (2015)

e Substitution of Pb by Sn
slightly increases the Urbach

tails

 Low Urbach energies suggest
low inherent structural
disorder.




Pb-Free Perovskite Solar Cells: CsSnl, Br,
Adv. Mater., 2014, 26 (41):7122-7127.Jp.Phys.Chem.C., 2015, 119

CsSnl, Br,

» Solution process, excellent Eg
(1.3-1.8eV)

» CsSnl,: ) : 34 mAcm™

3* “sc-max

(CH.NH.Pbl.: 24 mAcm~2)




Solar fuel research in LPI




CH5;NH;Pbl; perovskite photovoltaics
— High V. (21.0V)

— High PV efficiencies >15%
2 in series for electrolysis

— Doubled V_. (2.0 V)

— Halved J,_ (>10 mA/cm?)

— Unbiased water splitting at
>12% efficiency

Perovskites open opportunity for
high-performance devices with
cheap and easy processing

Luo, J... Gratzel, M. et al. Science 2014, 345, 1593.




EPFL leads the solar hydrogen fuel generation race

13.4% solar to hydrogen conversion efficiency, highest in standard AM 1.5G
condition

J. W. Ager et.al Energy & Env. .Science 2015, DOI: 10.1039/x0xx00000x




Triple junction mesoscopic pervoskite cells achieve the reduction of CO, to CO
with 6.5 % solar to CO (STCO) conversion efficiency using water as electron source

CO, & CO+%0, AG*=+134eV

6.5 % Solar to CO

M. Schreier et al. Nature Communications 6, 7326 (2015)
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