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Molecular Photovoltaics and Perovskite Solar Cells 

The impact of molecular modulators on  perovskite charge carrier recombination dynamics 

PCE = 23.25 % -dn/dt = k1 x n  + k2 n2  dnph/dt = k2 n2  

 21st Sede Boker Symposium, Negev  Israel 2018 



International Energy Outlook, 2010 

Increasing world energy demand (quadrilliion Btu) 
  

Exaustion of petroleum  

Global warming pollution 

Nuclear risk 



  

Oil causes global warming and environmental disasters 

20 April  2010: the BP platform “Deepwater 
Horizon” explodes in the Golf of Mexico 
killing 11 people and causing an unprecedented 
ecological disaster by spilling  
at least 1 billion liters of oil in the ocean. 

US National US National  Oceanic and 
Atmospheric Administration (NOAA):  
CO2 level passed the critical level of 400 ppm ! 
in Oct. 2015 ! 



The Terrawatt Challenge  

• Another 15 TW 
needed by 2050 

• Only 16% of 
energy 
consumption is 
in electricity 
generation 

• What will be 
used to ‘fuel’ this 
growth?  The world’s 

present power 
consumption is 
18 TW Courtesy: Jao van de. Lagrmaat 

NREL, USA 



The annual installation of photovoltaics  has been growing strongly, 

but it still contributes only  0.3 % to the world’s total energry needs.  

Future growth of Si-PV to the TW scale may be compromised by high capex 
and declining marginal value 



CO2 + 2 H2O + 8 photons → [CH2O] + O2      DG* = 477 KJ/mole 

Photosynthesis  shows the way 

750 billion tons of CO2 

 assimilated and recycled per year 
through the natural carbon cycle 

Additional 40 billion tons/year  of  
anthropogenic CO2 rejected in 
 the atmosphere resulting in  
green house warming 

Converts ca 90  terrawatt of  the 178’000 terrawatt  solar power  that 
strikes the Earth to chemical energy stored in fossile fuels 



 p-n junction photovoltaic cells dye sensitized solar cells DSC 

Charge separation by electric field at 

the p-n junction minority carrier 

lifetime is a key issue in photoelectric 

¨convrsion 

Charge separation by kinetic 

competition as in photosynthesis. No 

minority charge carrier involved in 

photoelectric energy conversion 
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Photo-induced charge generation in dye sensitized sola cells is different 
from conventional photovoltaic devices 



  

Perovskite Solar Cells (PSCs) emerged from Dye Sensitized Solar Cells 

Pervovskite solar cell 

courtesy Subodh Mhalkalsar NTU 

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

Dye sensitized solar cell 
courtesy Sony corporation 



Outline 

• The stunning rise of pervoskite solar cells  

• Recent research advances to increase their 
efficiency and stability 

• Multi-cation formulations, the power of solid 
state NMR analysis. 

• The amazing impact of molecular modulators  

• Boosting the PSC stability. 

Applications for solar fuel generation 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

Perovskite pigment replaces the molecular sensiizer 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 

CH3NH3PbI3 

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

CH3NH3PbI3 nanoparticles deposited on 
mesoscopic TIO2 



Mesoscopic TiO2 film impregnated with  
MAPbI3 perovskite quantum dots 





Power conversion efficiency  (PCE) of PSCs reached 22.1 % 
surpassing PCE of polycrystalline silicon cells 

Dr. Dongqin Bi, LPI,EPFL 

Prof. Anders Hagfeldt.  
Director LSPM. EPFL NREL chart  showing certified efficiencies of best laboratory cells 
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Best Research-Cell Efficiencies 

Prof. Anders Hagfeldt.  
Director LSPM. EPFL 

Dr. Dongqin Bi, LPI,EPFL 



CH3NH3PbI3  single crystals  

NATURE MATERIALS | VOL 13 | 2014 I 838  

* 

?? 



Metal halide perovskites are powerful solar light harvesters  

General formular 
          ABX3 

• 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 





Outline 

• The stunning rise of pervoskite solar cells  

• Recent research advances to increase their 
efficiency and stability 

• Multi-cation formulations, the power of solid 
state NMR analysis 

• The amazing impact of molecular modulators  

• Boosting the PSC stability 

Applications for solar fuel generation 

 

 

 

 

 

 

 

 

 

 



 
Today’s most efficient pervoskite solar cells employ mixtures 

of A cations and iodide /bromide  as anion 
 

General composition FA1-xMAxPb(I1-xBrx)   

FA =  

R1 – R4 = H  

formamidinium 

MA = methylammonium X = 0.15 gives optimal results 

N. Pellet et al., Mixed-Organic-Cation Perovskite Photovoltaics for Enhanced Solar 
-Light Harvesting. Angew. Chem. Int. Ed. 53, 3151-3157 (2014). 
N. J. Jeon et al., Compositional engineering of perovskite materials for high-performance 
 solar cells. Nat. 517, 476-480 (2015).  



Angew.Chem: Int. Ed. 2014 



Stabilisation of mixed Cs+ /formamidinium A-cation perovskites 

The stable fprms pf CsPbI3 and FaPbI3 are non –perovskite delta phases at room temperature 
Amazingly, upon mixing a stable peroxide structure forms spontaneously 

J.-W. Lee, D.-H. Kim, H.-S. Kim, S.-W. Seo, S.M. Cho and N.-G. Park, 
 Formamidinium + Cesium Hybridization for Photo+ Moisture Stable Perovskite Solar Cell 
 Adv. Energy Mater., 2015, 5,1501310.  



A B



The many faces of mixed ion perovskites: unraveling and 
understanding the crystallization process 

P. Gratia et.al 
ACS Energy Lett., 2017,  
2 (12), pp 2686–2693 

Paul Gratia 
EPFL graduate student 

The role of Cs ions is to short-cut the formation of pervoskite crystals avoiding the intermediate 
formation of  2H, 4 H and 6 H  hexagonal phases which are detrimental to PSC performance. 



Top- performing perovskite formulation uses A cation cascade with Rb 



Quadruple A cation perovskite sets new records for solar power 
conversion efficiency, open-circuit voltage and electroluminescence 
quantum yield  along with extraordinary high temperature stability. 
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A good solar cell that is a good LED 

LED 

solar cell or 
photodetector 

c 

Wolfgang Tress, 
Konrad Domanski 
Michael Saliba 
Taisuke MAtsui 

Voc now at 1.24 V ! 

Science, 354, 206-209 (2016) 



Voc=Voc-ideal + (kT/q)lnfext  

 

Voc-ideal ≃ Eg – 0.23 V 
  

  Eg    =  band gap energy expressed in electron volt 
 fext  = external quantum yield of  electroluminescnce  
  at an applied forward bias voltage  where J = Jsc 

Electro-luminescence offers a powerful tool to probe the level of 
radiation- less recombinaton in perovskite solar cells 

Ross, R. T. J. Chem. Phys. 46, 4590 (1967).  

The maximum open circuit photovoltage of a CH3NH3PbI3 based photovoltaic under  
standard AM 1.5 illumination  is  1.55 – 0.23 = 1.32 V  



D.J. Kubicki, D. Prochowicz, A. Hofstetter, 
P. Pechy, S.M. Zakeeruddin, M. Grätzel,L. 
Emsley 
"Cation Dynamics in Mixed-Cation 
(MA)x(FA)1-xPbI3 Hybrid Perovskites 
from Solid-State NMR" 
J. Am. Chem. Soc., 139, 10055-10061 
(2017) 

D.J. Kubicki, D. Prochowicz, A. Hofstetter, 
S.M. Zakeeruddin, M. Grätzel, L.Emsley 
"Phase Segregation in Cs-, Rb- and K-
Doped Mixed-Cation (MA)x(FA)1-xPbI3 
Hybrid Perovskites from Solid-State 
NMR" 
J.Am.Chem.Spc, 139, 14173-14180 
(2017) 

Structure Dynamics 

Magic angle spinning (MAS) solid-state NMR a powerful tool to probe the 
lattice structure, composition and dynamics of metal halide perovskites  



87Rb shift [ppm] 133Cs shift [ppm] 

Cs+ 

Rb+ 

K+ 

13C chemical shift [ppm] 39K shift [ppm] 

Structure: NMR yields local and nucleus-specific information 



Dynamics: ps ― ns ― μs ― ms ― s  timescale motions  

ps 

μs 

ns 

14N MAS NMR 



Dynamics: ps ― ns ― μs ― ms ― s timescale motions  

ps 

μs 

ns 

14N MAS NMR 

envelope: 

cage symmetry 

line widths: 

reorientation dynamics 



FA reorients faster than MA 

simulation 

experiment 

𝜏 = (108  ± 18) ps 𝜏 = (8.7  ± 0.5) ps 𝜏MA = (133  ± 46) ps 

𝜏FA = (12  ± 5) ps 

Kubicki et al., JACS 2017,139, 10055 



1D 3D 

Angew Chem Int Ed Engl. 2016, 55, 14972 



1D 3D 

Angew Chem Int Ed Engl. 2016, 55, 14972 



Outline 

• The stunning rise of pervoskite solar cells  

• Recent research advances to increase their 
efficiency and stability 

• Multi-cation formulations, the power of solid 
state NMR analysis 

• The advent of molecular modulators  

• Boosting the PSC stability 

Applications for solar fuel generation 

 

 

 

 

 

 

 

 

 

 



Dr. Xiong Li 

2016 

Vacuum flash treatment produces smooth and shiny perovskite films of high quality 
yieliding a PCE of 19.6% fpr  1cm2 device size 

Li et al. Science,10.1126/science aaf8060 (2016) 



Molecular Engineering of Scalable Perovskite Solar Cells with over 20% Efficiency and High 

Operational Stability 

FA0.9Cs0.1PbI3  

Perovskite composition 

Dr. Xiong Li Dr. Dongqin Bi, 

D. Bi, X. Li, J. Milic et.al, submitted 



Time resolved photoluminescnce decay reveals effective suppression of  

 radiationless carrierrecombination by molecular modulators 

-dn/dt = k1 x n + k2 n2  

IPL ≈ dnph/dt = k2 n2  



Carrier recombination dynamics  in a semiconductor device 

Wolfgang Tress 
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The positve impact of our new bifunctional  modulator on PV performance 

a) .PV metrics of perovskite solar cells with different additives. b, J-V curves of the champion cell 
under standard AM 1.5 solar radiation. c, IPCE spectrum (black curve) and projected 
photocurrent (red curve).    



The impact of the molecular mpdulators on operationlal stability of PSCs 



Our present power conversion efficiency record is (PCE) is  23.25 %     

Dr. Yuhang Liu 

Lichen Zhao 

PCE = 23.25 % 



Outline 

• The stunning rise of pervoskite solar cells  

• Recent research advances to increase their 
efficiency and stability 

• Multi-cation formulations, the power of solid 
state NMR analysis 

• The amazing impact of molecular modulators  

• Boosting the PSC stability 

Applications for solar fuel generation 

 

 

 

 

 

 

 

 

 

 



 The quest for operational stability of perovskite solar cells 

Konrad Domanski 

K. Domanski et.al. Nature Energy 2018,  

https://doi.org/10.1038/s41560-017-0060-5   



One year long stable operation under full sunlight  corresponding to 11 years outdoors 
achieved with carbon based PSCs featruing a 2D/3D  perovskie architecture  

Amino-valeric  
acid AVA 
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Operational stability of un-encapsulated CuSCN based device and un-

encapsulated CuSCN based device containing a thin layer of rGO (as a spacer 

layer between CuSCN and gold layers), examined at a maximum-power-point 
under continuous full-sun illumination at 60 °C in nitrogen atmosphere. 

Morphological characterization of 

CuSCN/rGO/Au sample  



Pepvskite solar cells (PSC) offer lowest cost of all energy producing 
 technologies 
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 Stability   Cost  

Efficiency 

The “Golden Triangle” of photovoltaics 



2014 

June 2016 



Pervoskite solar cell modules produced at NTU Singapore 

PCE  11 % 

Courtesy Prof. Subodh Mhaikalsar, Nripan Matthew  NTU Singapore  



Dyesol Perovskite solar cell protoype 



Outline 

• The stunning rise of pervoskite solar cells  

• Recent research advances to increase their 
efficiency and stability 
• Multi-cation formulations, the power of solid 

state NMR analysis 

• The amazing impact of molecular modulators  

• Boosting the PSC stability 

• solar fuel generation 

• Applications 
 

 

 

 

 

 

 

 

 

 



Solar fuel research in LPI  
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Luo, J... Grätzel, M. et al. Science 2014, 345, 1593. 

JIngshan Luo 



Triple junction mesoscopic pervoskite cells achieve the reduction of CO2 to CO  
with 6.5 %  solar to CO (STCO) conversion efficiency using water as electron source 

CO2      CO +  ½ O2   ,  DG* = + 1.34 eV        

Marcel Schreier 

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

6.5 % Solar to CO  



We need thousands of scientists following all 
paths that might lead us to a clean energy 
future. That’s why a group of investors and I 
recently launched Breakthrough Energy 
Ventures, a fund that will invest more than $1 
billion in scientific discoveries that have the 
potential to deliver cheap and reliable clean 
energy to the world. 

Bill Gates on Linked in 
 March  14 , 2017  

Beating Nature at  
Its Own Game 

Breakthrough Energy Ventures to invest > 1  billion in energy research 



Hyundai NEXO fuel cell car 



Outline 

• The stunning rise of pervoskite solar cells  

• Recent research advances to increase their 
efficiency and stability 
• Multi-cation formulations, the power of solid 

state NMR analysis 

• The amazing impact of molecular modulators  

• Boosting the PSC stability 

• solar fuel generation 

• Applications 
 

 

 

 

 

 

 

 

 

 



Premier prototype de cellule Publication dans Nature Production pilote des 

modules 

TODAY Swiss Tech Convention Center 







Electric car charging station powered by H.Glass panels  



The first Energy Noise Barrier made with 
H.Glasss panels. Energy yield: 1’012.5 
kWh / year 



  H.GLASS  |  22.04.2018 
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Swisscom 
Bern 

• Commissioned in May, 2016 

• PV Fence  

• 74 Mod 32 cells, green color, 

• Follow on projects: Yes 

Tracking energy output of H.Glass modules as sound barriers 
 at the Bern-Zurich motorway 



Green H..Glass panels in Lausanne Ouchy 



  H.GLASS  |  67 

 

 

 

 

 

 

 

• Commissioned in June, 2016 

• PV Railing 

• 16 Mod 54 cells, green color, 
9.6 m2 

• Follow on projects: Yes 

 

 

Fam. Reinhard Basel 

 

 

 

 

 

DSC energy glass modules entering now the private market 



Graz Science Tower featuring 
1000 m2 DSC panels produced 
by HGlass (formerly G2E)  
inaugurated on Sept.21  2017 



DSC powered E-reader from EXEGER with eternal battery life 

E-reader with eternal life. 
 
EXEGER has developed the 
prototype pictured here through 
seamless integration of the world's 
best indoor solar cell. The product 
has eternal life in standard indoor 
illumination alone. 

http://www.exeger.com/ 



Job creation in Sweden through production of dye-sensitized solar cells 

http://www.exeger.com/ 



   Focus-induced photoresponse  (FIP) 
A revolutionaty new application of Dye sensitized technology  

World premier presentation   
at SPIEX San Diego on 8.8.2017 
room 16a at 2:10 p.m  

Technologies. The solution to your sensing 
challenge: XperYenZ™ sensor systems. 
Paving the way for sensing applications 
that have never been possible before. 

3d -distance  
measurement 
And imaging 



Market share  of PV panels by Technology Group 2014-2030 
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• Swiss National Science Foundation, Swiss Energy Office 
• Horizon 2020 European Joule Projects:   GOTSOLAR 
• European Research Council:  Adv. Research Grant 
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• The Balzan Prize Foundation 
• Marie Curie Actions  
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We are very grateful for financial support from 

Eric and Sheila Samson Prime Minister's Prize for Innovation in Alternative  
Fuels for Transportation  



Anzère, Valais Switzerland our skiing day   


