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Multijunction Cells (2-terminal, monolithic)
LM = lattice matched

MM = metamorphic

IMM = inverted, metamorphic

V' Three-junction (concentrator)
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B Theoretical Max. vs. M Best Research-Cell vs. = Typical Module Prod.
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Source: NREL (2013)

M. Green (2016)  http://onlinelibrary.wiley.com/doi/10.1002/pip.2788/full



[EI)  Hybrid halide perovskites: Impact
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General perovskite structure: A BX,

A = organic component in cuboctahedral A site (MeNH; *, EtNH;")
B = inorganic components in octahedral B site (Pb,", Sn,")
X = halogens (Cl-, Br, I')

CH,NH,] + Pbl, — CH,NH,Pbl,
D. B. Mitzi, Progress in Inorganic Chemistry 1999
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» Pb?*is connected to 6 anions I [Pbl.], which
forms an octahedra.

» Each cation CH;NH,+ is located at the center
of 4 of these octahedra.

» Conduction band, is derived from the Pb 6p
orbitals; valence band from I-

Yun Wang et al. Phys. Chem. Chem. Phys., 2014, 16, 1424
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» The crystallographic structure of CH;NH,Pbl, depends on temperature:
At low temperature: orthorombic
At T> 161.4 K: tetragonal
At T >330.4 L: cubic

» The rotation of CH;NH,+ is very fast (ps) in the cubic phase unlike in the orthorombic phase

Self-consistent relativistic band structure of the CH3NH3PbI3 perovskite

Phys. Rev. B 90, 045207, 2014
E. Menéndez-Proupin, P. Palacios, P. Wahnon, and J. C. Conesa



[\EI1L)  Hybrid halide perovskites: Versatility

Energy (vs. vacuum, eV)
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Perovskite solar cells: configuration

HTM:

Liquid Electrolyte
Spiro-OMeTAD, P3HT
]

Gold contact

C contact Active Material:
FTO \ MAPbI3-xClx

Glass Scaffold:
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Al203
P Zro
E 7/
w nu “f“
M
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Perovskite solar cells: Cell Preparation

One step procedure

Mesoporous layer CH;NH;Pbl,

TiO, compact layer

CH3NH;! + Pbl2 (40% wt)
y-Butyrolactone

Thermal treatment at
110°C

FTO

Gold contact
Spiro-OMeTAD (HTM)

Kim, H.S. et al., Scientific Reports, 2012, 2, 591




Perovskite solar cells: Cell Preparation
Mitzi-Gratzel Method
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Two step sequential deposition

Mesoporous layer

TiO, compact layer

Pbl, in DMF
% Thermal treatment at
%’ . 110°C
o
FTO )
1\'2:‘:"‘
Dipping in MAI
Gold contact solution

Spiro-OMeTAD (HTM)
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Kojima et al., JACS, 2009, 131, 6050—6051
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Ingﬁmﬁ- Perovskite solar cells: From sensitized to thin film devices

No electron transport media ~ No Hole Transporting Media

g0l

e
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Lee et al., Science, 2012, 338, 643-647

- Etgar, L.; et al.., J. Am. Chem. Soc. 2012, 134,
17396-17399

/\/Devices with MS alumina as an insulating scaffold reports efficiencies \
higher than 15%.

v’ Samples with no hole transporting material reports efficiencies higher
than 12%

VIt gives evidence of electron and hole transport in PS layer pointing to a
\different working mechanism than in sensitized devices. /




Perovskite solar cells: From sensitized to thin film devices

Thin film solar cell configuration

15.4% n=11.4% ‘

: A — . o o
Spio-OMETAD ﬁDewces with MS alumina \
as an insulating scaffold

reports efficiencies higher
than 15% and thin film
configuration over 15%

Liu et al., Nature, 2013, VIt gives evidence of carrier
501(7467),395-8 transport and accumulation

Eperon et al., Adv. Funct. Q PS layer /
Mater., 24, 151-157

¥
g — Compact TiO,
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Mesoporous cell Flat cell

o

Perovskite
TiO;

Perovskite+Al,0;/TiO,

TiO;
FTO

Simone Guarnera et al. J. Phys. Chem. Lett., 2015, 6, 432




Hybrid halide perovskites: morphologies

HTM CL
Perovskite CL
m-TiO,

FTO




Perovskite solar cells: Historic Evolution

DSSC

Glass

Snaith, H. J. Phys. Chem. Lett. 2013, 4, 3623-3630
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Perovskite solar cells: Historic Evolution

May 2014 (16.2%)

Seok, Nat. Materials. 2014

c WPerovskite = Compact TiO, layer
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Han, Science. 2014, 345, 295—298
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Perovskite solar cells: Historic Evolution
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Perovskita solar cell:

— o

HTM (Spiro-MeOTAD)

(CH:NH,)Pb + TIO, + HTM

Eficiencies 2013: 15.1% Flat band (Henri Snaith, Oxford University)
15.2% DSC structure (Michael Grétzel, EPFL)

Eficiencies 2015: 18 % Flat band (Henri Snaith, Oxford University)
20.7% DSC structure (Park, KRICT, Michael Gritzel, EPFL)
Eficiencia 2017:  21-22% DSC structure (Michael Gritzel, EPFL, Sang Il Seok, Korea)

Eficiéncia 2019:  23.7% DSC structure (Sang Il Seok, Korea)



Perovskite solar cells: Challenges

- Hybrid multijunction solar cells

| __Tco ] TCO

. p-ipe HTM .

n-typeTi0>
=LYy P |

p or n-type c-Si wafer
CIGS, CIS or CZTSSe

silver . Tungsten

Snaith, H. J. Phys. Chem. Lett. 2013, 4, 3623-3630

- Stability

- Use of less toxic materials



Overview

Perovskite
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Optical properties
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1) Sharp band-edge (1.57 eV) > most other comparable semiconductors.
2) For E <E, Urbach tail is observed (slope = 15 meV: very low degree of structural disorder ... high
crystallinity in the film). Materials with the smallest Urbach energy lead to the lowest E;/q — V¢

values.

3) Purely Urbach-exponential trend over more than four decades, suggests no optically detectable deep

states.

Stefaan De Wolf et al., Organometallic Halide Perovskites: Sharp Optical Absorption Edge and Its Relation to Photovoltaic
Performance, J. Phys. Chem. Lett. 2014, 5, 1035—1039
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Optical properties
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*Low PLQE at low power due to the presence of defects (long PL

decay times).

*Radiative recombination becomes dominant over non radiative at
high fluences after defects are filled (short PL decay times).

Felix Deschler, High Photoluminescence Efficiency and Optically Pumped Lasing in Solution-Processed Mixed Halide Perovskite

Semiconductors, J. Phys. Chem. Lett. 2014, 5, 1421-1426




