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Perovskite Solar Cells Efficiency
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Perovskite solar cells: 
Organohalide lead perovskites

MAPbX3

J. Am. Chem. Soc. 2009, 131, 6050
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H.S. Kim et al Sci. Rep. 2012, 2; M. Lee et al. Science 2012, 338, 643;

L. Etgar et al. J. Am. Chem. Soc. 2012, 134, 17396; H. Zhou et al. Science, 2014, 354, 543.
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Efficiency = 10.9 %  

• TiO2

Electron Transport both in TiO2 and

perovskite

• Al2O3

Electron Transport only in the perovskite𝜂 =
𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝐼𝐿
 



ETL = TiO2 HTL= Spiro



Band-gap  0.6 eV

Tetragonal MAPbI3: I4cm
Model:

I4cm unit cell
48 atoms

Geometry:

SR-DFT (PBE)
VdW corrections
Lattice parameters 1%

Electronic structure:

Direct band-gap at 
Band-gap 1.65 eV
Exp. 1.6-1.7 eV

E. Mosconi et al. J. Phys. Chem. C 2013, 114, 13092.

J. Even et al. J. Phys. Chem. Lett. 2013, 114, 2999.

G. Giorgi et al. J. Phys. Chem. Lett. 2013, 114, 4213.

Fortuitous agreement!!!

Spin-orbit coupling?



Perovskites Electronic Structure
Two systems:

MASnI3 and MAPbI3

Two methods:

DFT and GW

Two theories:

Scalar relativistic     (SR)

Spin-orbit coupling (SOC)

SOC has a huge effect 

(Even et al. JPCL 2013, 

4, 2999)

SOC-DFT not enough!

SOC-GW reproduces 

the band gaps  to 0.1 eV 

P. Umari, E. Mosconi, F. De Angelis Sci. Rep. 2014, 4, 4467.



Perovskite/TiO2 interface: Structural features

V. Roiati, E. Mosconi, et al. Nano Lett. 2014, 14, 2168.

MAPbI3/TiO2

interaction via 
I-Ti bonds

MAPbI3

TiO2



TiO2/perovskites interfaces: Role of Cl doping

[110]

-0.7 eV

E. Mosconi, et al. J. Phys. Chem. Lett. 2014, 5, 2619.

S. Colella, E. Mosconi, et al. Chem. Mater. 2013, 25, 4613.

XRD -> 0.7% volume contraction ~1% Cl

CH3NH3PbI2Cl

1.55

CH3NH3PbI3-xClx



Variable angle XPS

E. Mosconi, et al. J. Phys. Chem. Lett. 2014, 5, 2619.



Chloride effect: Charge separation

Cl 





Ea (eV)

Defect Azpiroz - CNR Haruyama Eames Meloni

I Vacancy 0.08 0.33 0.58 0.13

MA Vacancy 0.46 0.55 0.84 0.60

Pb Vacancy 1.06 - 2.31 1.39

I Interstitial 0.08 - - -

Ion (Defects) Migration in MAPbI3: 
Activation energies

Haruyama, J.; Sodeyama, K.; Han, L.; Tateyama, Y. J. Am. Chem. Soc. 2015, 137, 10048.

Azpiroz, J. M.; Mosconi, E.; Bisquert, J.; De Angelis, F. Energy Environ. Sci. 2015, 8, 2118.

Eames, C.; Frost, J. M.; Barnes, P. R. F.; O'Regan, B. C.; Walsh, A.; Islam, M. S. Nat Commun
2015, 6, 7497

Meloni, S. ; Moehl, T.; Tress,…Rothlisberger, U.; Graetzel, M. Nat Commun 2016, 7, 10334.

Unwanted phenomena:
Slow photo conductivity response

Hysteresis

Ions migration 



1 migration event 
in 22 ps at T ~ 400 K Ea~ 0.1 eV

I- Vacancy Migration: Car-Parrinello MD

Time (ps)

Azpiroz, J. M.; Mosconi, E.; Bisquert, J.; De Angelis, F. Energy Environ. Sci. 2015, 8, 2118-2127.
Mosconi, E.; De Angelis, F. ACS Energy Lett. 2016, 182-188.



I- Vacancy Migration: Car-Parrinello MD

MA assists defect 

migration by 

reorienting its charge 

distribution along 

with the ionic 

motion, providing a 

local charge 

screening 

mechanism which 

may further speed up 

the ionic migration

MA dynamics and 
ion/defect 

migration are 
essentially coupled:



Over a period of time under 
illumination, the PL lifetime and 
total intensity both increase and 
eventually stabilize, consistent 

with a substantial reduction of 
non-radiative decay pathways
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The observed temperature-
dependent PLQE rise was 

fitted by an Arrhenius 
exponential behavior, 

delivering an activation 
energy of 0.14 ± 0.03 eV 

in line with the calculated 
barriers of VI and Ii

Mosconi, E.; Meggiolaro, D.; Snaith, H. J.; Stranks, S. D.; De Angelis, F. Energy Environ. Sci. 2016, DOI: 10.1039/C6EE01504B

The overall phenomenology is 
consistent with a photo-induced ion 

migration phenomenonDecreasing of trap density: 
from ~1017 to ~1016 cm-3

D. W. deQuilettes et al. Nat Comms, 2016, DOI: 10.1038/ncomms11683



Light-induced Annihilation of Frenkel Defects in 

Organo-Lead Halide Perovskites
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Mosconi, E.; Meggiolaro, D.; Snaith, H. J.; Stranks, S. D.; De Angelis, F. Energy Environ. Sci. 2016, DOI: 10.1039/C6EE01504B

Light irradiation promotes the 
annihilation of  VI

+ / Ii
-

Frenkel pairs.
The defect destabilization in 

the excited state is the driving 
force pushing the system 

towards restoring the perfect 
crystal upon light absorption





Conclusions and Remarks

• Electronic and Optical properties of MAPbI3

GW-SOC, HSE06-SOC, PBE0-SOC

• Role of Cl doping

• Role of MA+ in determining the migration meachanism

• Light-induced Annihilation of Frenkel Defects
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