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Hybrid Organic Photoelecrochemical Water Splitting 
Fumagalli et al. JMCA (2016), Comas et al. EES (2016) 
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Wireless power supply for the internet of things 

 

 Ribes Technologies will produce 
plastic photovoltaic (PV) foils  





The Perovskite Revolution 
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DSSC 



H. Snaith, et al., J. Phys.Chem. L., 2014, 5, 1511 
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Planar Solar Cells For Tandem Structure 

 Low temperature processing 
 High Efficiency in Steady State Conditions 
 Multi-layers processing  

Figure credit: OxfordPV Ltd website 

High performance 
Si Solar Cell 



All-Solution Low T Planar Solar Cells 

C. Tao et al, submitted. 
 

Chen Tao (陶  晨) 

Direct Architecture 



TiO2/x-PCBM 

VOC 

(V) 

      JSC 

(mA cm-2) 

FF 

(%) 

PCE 

(%) 

1.12 21.1 79 18.7 

Device performance 

All-Solution Processed Planar Solar Cells 

C. Tao et al, submitted. 
 

Vmax = 0.95 V 
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Which Photoexcitation in working 

devices? 

CH3NH3PbI3-xClx on glass substrate 
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Exciton Binding Energy 

Exciton Binding Energy in CH3NH3PbI3-xClx 
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Nat Comm. DOI: 10.1038/ncomms4586 



Exciton Vs Free Charges  

at the Thermodynamic Equilibrium 

 Cingolani, R. et al. JOS,13, 1268 (1996). 

 Saha, M. N. 99, 135–153 (1921). 

@ RT 
PV regime 
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Total excitation density 
Excitons 

Free charges 

Nat Comm. DOI: 10.1038/ncomms4586 
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Photo-physics and Micro-structure 

Grancini, Kandada et al, Nature Photonics 9 (10), 695-701 (2015) 
Kandada and Petrozza, Acc. Chem. Res (2016) 

•Excitonic effects and 
Microstructure 
 

•Related to 
order/disorder in the 
material 
 

•Modulation of the 
dielectric constant? 

Courtesy: Stefanie Neutzner 



Role of Microstructure in the Electron-Hole 

Interaction of Hybrid Lead-Halide Perovskites 

  

CB 

VB 

Nature Photonics 9, 695–701(2015)  



Guglielmo Lanzani 



Stable Exciton (RT)  MAPbBr3 

Nature Photonics 9, 695–701(2015)  



Free Dipoles Dipoles twinning 

Langevin model: er ≈ 8 

Screening in Perovskites 

 Ferroeletric order  

Nature Photonics 9, 695–701(2015)  



PL in Perovskites 

CB 

VB 

R=Bradnp 
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E X C I T A T I O N  D E N S I T Y  

PV regime Lasing 

Kandada et al. http://pubs.acs.org/doi/abs/10.1021/jacs.6b06463 



Slow 

PD 

Sample chamber  

(vacuum) 

ECPL : Experimental Principle 

Pump1         Pump2   

t 

Total intensity at photo detector: 

λpump= 400 nm 

20 

Von der Linde et al, J. Lumin, 24, 675 (1981). 
Rosen, Appl. Phys. Lett, 39, 935 (1981). 
Borgwardt et al, J. Appl. Phys. 117, 215702(2015) Kandada et al. JACS in press 



Slow 

PD 

Sample chamber  

(vacuum) 

Pump1 Pump2   

t 

Total intensity at photo detector: 

λpump= 400 nm 

- 

+ 

- 

+ 
PL2 PL1 PLcross 

Pump1 Pump2   

2 pulse experiment with equal pulses 

ECPL : Experimental Principle 

Von der Linde et al, J. Lumin, 24, 675 (1981). 
Rosen, Appl. Phys. Lett, 39, 935 (1981). 
Borgwardt et al, J. Appl. Phys. 117, 215702(2015) 

𝐸𝐶𝑃𝐿 𝜏 = 0, 𝐼 =
𝑃𝐿 2𝐼 − 2𝑃𝐿 (𝐼)

𝑃𝐿(2𝐼)
 

Kandada et al. JACS in press 



Understanding ECPL Signals 

Radiative  
recombination 

Trap-limited 
recombination 

Auger 
recombination 

Rate equation 

Steady-state PL 
TIME INTEGRATED 

0 

> 0 
≈ 30% 

< 0 

𝐸𝐶𝑃𝐿 𝜏 = 0, 𝐼  
𝑃𝐿 2𝐼 − 2𝑃𝐿 (𝐼)

𝑃𝐿(2𝐼)
 

Kandada et al. http://pubs.acs.org/doi/abs/10.1021/jacs.6b06463 



Investigated Systems 

• MA-1 MAPbBr3: with 

equal molar 

precursors  

     PLQY of < 1%  
 

 

 

 

• MA-2 MAPbBr3: with 

excess MABr (1:1.05) 
    PLQY > 4%  

 

• CsPbBr3 NX 

nanocrystals (7.5 

nm) 
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Kandada et al. http://pubs.acs.org/doi/abs/10.1021/jacs.6b06463 
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Kandada et al. JACS in press 



Trap limited (SRH) electron-hole recombination 
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+Auger 

ECPL: MA-1 
Trap filling 

Auger 

CB 

VB 

γA 

ne ~ I0
3

 

nh ~ I0
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𝑁𝑇 = 1 × 1017𝑐𝑚−3; 𝐵𝑟𝑎𝑑 = 2 × 10−9𝑐𝑚3𝑠−1;  
𝛾𝐴𝑢𝑔𝑒𝑟 =  1 × 10−27𝑐𝑚6𝑠−1; 𝛾𝑡 = 0.84 × 10−9𝑐𝑚3𝑠−1   𝛾𝑟 = 0.19 × 10−9 𝑐𝑚3𝑠−1  

𝛾𝐴𝑢𝑔𝑒𝑟 



Nt=1 × 1017𝑐𝑚−3;  𝐵𝑟𝑎𝑑 = 2 × 10−9𝑐𝑚3𝑠−1;  
𝛾𝐴𝑢𝑔𝑒𝑟 =  1 × 10−27𝑐𝑚6𝑠−1;  𝛾𝑡 = 0.84 × 10−9𝑐𝑚3𝑠−1  

𝛾𝑟 = 0.19 × 10−9 𝑐𝑚3𝑠−1  

𝑑𝑛

𝑑𝑡
= 𝐺 − 𝑅 − 𝛾𝑡 𝑁𝑡 − 𝑛𝑡 𝑛 + 𝛾𝑑𝑛𝑡 − 𝛾𝑎𝑢𝑔𝑒𝑟𝑛2𝑝

      
𝑑𝑝

𝑑𝑡
= 𝐺 − 𝑅 −  𝛾𝑟𝑛𝑡𝑝 − 𝛾𝑎𝑢𝑔𝑒𝑟𝑛2𝑝   

     
𝑑𝑛𝑡

𝑑𝑡
=  𝛾𝑡 𝑁𝑡 − 𝑛𝑡 𝑛 − 𝛾𝑟𝑛𝑡𝑝 − 𝛾𝑑𝑛𝑡  

Rate Equation Model 
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27 

ECPL: MA-2 Vs MA-1 

ECPL reminder: 

Traps: 

𝑃𝐿𝑏𝑖 ∝ 𝐼32
    ECPL>0 

Pure radiative: 

𝑃𝐿𝑏𝑖,𝑚𝑜𝑛𝑜 ∝ 𝐼0, ECPL=0 

Auger: 

𝑃𝐿𝑏𝑖 ∝ 𝐼23
,    ECPL<0 

 

Kandada et al. JACS in press 
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Shallow defects doping 

 

ECPL reminder: 

Traps: 

𝑃𝐿𝑏𝑖 ∝ 𝐼32
    ECPL>0 

Pure radiative: 

𝑃𝐿𝑏𝑖,𝑚𝑜𝑛𝑜 ∝ 𝐼0, ECPL=0 

Auger: 

𝑃𝐿𝑏𝑖 ∝ 𝐼23
,    ECPL<0 

 

NT = 2 × 1018𝑐𝑚−3 
𝛾𝑡 = 3 × 10−8 𝑐𝑚3𝑠−1  

𝛾𝑡 



Model 

o
p

ti
ca

l 
e
xc

it
a
ti
o

n
 

CB 

VB 

Dopant 

γt 

γr R=Bradnp 

γd - 

? 

Energetics of the Dopant? 
Temperature dependence of ECPL 

ECPL: MA-2 
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Kandada et al. JACS in press 



PL from CsPbBr3 NCs 

•No trap limited 
recombination 
•Exciton emission 

t= 4 ns  

𝟔. 𝟕 ± 𝟏 nm 

Kandada et al. JACS in press 
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Sub-ps Auger Recombination 
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ECPL reminder: 

Traps: 

𝑃𝐿𝑏𝑖 ∝ 𝐼32
    ECPL>0 

Pure radiative: 

𝑃𝐿𝑏𝑖,𝑚𝑜𝑛𝑜 ∝ 𝐼0, ECPL=0 

Auger: 

𝑃𝐿𝑏𝑖 ∝ 𝐼23
,    ECPL<0 

 

Sub ns Exciton Lifetime  



Auger Recombination in sub-ps timescales 

ECPL: CsPbBr3 NCs 

𝑃𝐿𝑄𝑌 =  
1 − 𝑒− 𝑁

𝑁
 

Assuming Poissonian distribution 

𝐸𝐶𝑃𝐿 = (1 − 𝑒−2 𝑁 )  − 2(1 − 𝑒− 𝑁 ) 
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