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O’Regan & Graetzel, Nature (1991) 

Dye-sensitized cell!
(hybrid organic/inorganic)!

Conventional p-n junction cell!
(inorganic)!

Copper-Indium-Gallium-Selenide cell!



Light absorption by solids:  
the pn-junction in semiconductors    

Bulk semiconductor (inorganic) 
-delocalized states (band structure) 
-nearly free electrons 
-single band-gap 

p!n!
Energy!

gap!



•  The Problem: materials for carrier transport with large band gaps 
 TiO2 gap = 3.2 eV (200 nm < λ < 400 nm) 

solar spectrum 

Light absorption by hybrid cells     



The Principle: separate light-absorption 
and charge collection processes  

Major issues:!
 - stability!
 - efficiency (Inc.Ph.Cur.Eff.)!



Nano-size: helps in many aspects (e.g. 
efficiency, transparency, transport, …)  

100 nm TiO2 

dye 

~20 nm sized faccetted anatase nanoparticles	


Approximately complete surface 
coverage  (i.e. densest possible 
packing of dye molecules) 



Main issue: coupled electron-ion dynamics 

Coupled electron-ion dynamics 
Meng & Kaxiras, J. Chem. Phys. (2008). 

Previous work: 
-Schroedinger eq. with model Hamiltonian 
Thoss, Miller, Stock, JCP (2000); 
Rego& Batista, JACS (2003);… 
 
-semiempirical Hamiltonian (tight-binding) 
Allen et al., JMO (2003);… 
 
-ground state DFT +  TDDFT 
Prezhdo et al., PRL (2005); JACS (2007)… 
 
Ours: self-consistent TDDFT with atomic motion 

Similar to: Miyamoto et al.; Rubio et al.; Tavernelli et al.. 

Propagation of electrons in time (TDSE) + Ehrenfest dynamics for ions!



Computational 
flowchart 

Self-consistent 
 e propagation 

Ionic motion 

Break down 
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Code performance (compared to 
standard code - “octopus”) 



Time steps !
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LDA, GGA!

Hybrid functionals!

G-DFT/ OT-RS-HF!GW-BSE!



Tests: ozone molecule - photo-dissociation !
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Test: spectrum of pyrazine!



Optical absorption (TDDFT) 

Calculated 
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Charge injection dynamics: 
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T i m e   ( f s )    T=350 K 
δt=0.02419 fs 

Fit: t0 = 32 fs, t1 = 40 fs  
Expt.a) : <100 fs  
a) Cherepy et al., JPCB (1997). 



Exciton dynamics in OPVʼs: X. Zhang, Z. Li, Gang Lu, PRB 84 235208 (2011) !



Importance of coupled e-ion dynamics 
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Static ions!

Dynamic ions!



Coupling of electron-phonon motion 





•  tM1  < tM2 < tM3 

•  tdisso. < tintact 

M1 M2 M3 



Design of new dyes (not yet tried in experiments) 

Design of Dye Acceptors for Photovoltaics from First-Principles Calculations!
Sheng Meng, Efthimios Kaxiras, Md. K. Nazeeruddin, and Michael Gratzel !

J. Phys. Chem. C 2011, 115, 9276–9282!



Enhanced dye binding to TiO2 

Eb=1.52 eV 



D-π-A Dye System Containing Cyano-Benzoic Acid as Anchoring!
Group for Dye-Sensitized Solar Cells!

Masataka Katono, Takeru Bessho, Sheng Meng, Robin Humphry-Baker, Guido 
Rothenberger ,Shaik M. Zakeeruddin, Efthimios Kaxiras, and Michael Gratzel!

Langmuir 2011, 27, 14248–14252!

84% Incident Photon to Current Efficiency, !
3.3% Electric Power Conversion Efficiency !



The M-phthalocyanine / C60 system: prototypical OPV  (M=Cu, Zn)!
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Organic PV cells 



(a)
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Periodic structures: !

on (100) surface of C60 film!
on (111) surface of C60 film!

Top view!

Side view!
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M-Pc (M=Zn, Cu, …) spectrum!
Expt.: !Q band  ~650 nm!

!B band  ~350 nm!
Edwards and Couterman, !
J. Mol. Spectr. (1970) !

C60 spectrum!
Expt. : !330  270  235  212!
The. : !365  288  230  210!















Highlights:!
•  Efficient theoretical tool for modeling trends in hybrid systems!
•  Insights and predictions for charge transfer in DSSCʼs!
•  Insights into M-Pc/C60 system (excitation, charge transfer)!
•  Predictions for specific molecular/substrate arrangements!

Issues:!
•  “Band alignment” – band gaps, eigenvalues!
•  Exciton dynamics – e-h coupling!
•  Long range transport!

Saving grace(s):!
•  Eigenvalue corrections: similar (?)!
•  Rates not affected by small changes (?)!
•  Trends in behavior more robust (?)!


