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Understanding vision 

A. Rubio 



Schmitt et al.  Science 321, 1649 (2008) 

Experimental Observations 

TR-ARPES 

Light-driven superconductor @RT 

Cavelleri et al. PRB 89, 184516(2014);Nature (2014) 
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Optical properties of clusters and molecules from real-time 

time-dependent density functional theory using a self-

consistent field 
J. Ren, E. Kaxiras, S. Meng,  

Mol. Phys.  108, 1829 (2010). 

Computational efficiency 



Photodynamics in a molecule 

Clouds = e density in excited state 

 
 
Meng & Kaxiras,  
 Biophys. J. 95,4396 (2008).    
 
Meng & Kaxiras,  
Biophys. J.  94, 2095 (2008).   
 
Kaxiras, Tsolakidis, Zonios, Meng,  
Phys. Rev. Lett. (2006). 

e-proton concerted  dynamics 
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Real time TDDFT for electron-ion quantum dynamics 

 
 

I. Background: building computational tools for excited state 
dynamics 

 

II. Photovoltaic applications  

   - ”virtual solar cells” 

   - interface control in perovskite solar cells 

   - electron-hole dynamics in 2D materials heterojunction       

 

III.  Photosplitting dynamics 

   - orbital dependent quantum interaction of water 

   - photolysis dynamics of H2 

   - NV center dynamics 

      

 

 

 

     

 

OUTLINE 



“Virtual solar cell” 

INPUT OUTPUT 

1. Build “virtual solar cells” for photovoltaics 



Dye solar cell: A 3rd Generation Solar Cell 

 From http://www.solaronix.com 

•No p-n junction 

•Nanoscale 

O’ Regan & Gratzel, Nature (1991).  

• organic molecule  |  quantum dot  |  perovskite 



Molecular Dyes 

Metal-based: 

Ru, Pt, Os, Cu, Fe, … 

Porphyrin  

Phthalocyanine 

… 

 

All-organic: 

Coumarin 

Indoline 

Triarylamine 

Perylene 

Squarine 

…  

Hagfeldt et al., Chem. Rev. (2010). 

 ●  

>1000 species 



State of the Art 

Metal-based 

C101 

Organic 

C219 

M. Grätzel ( 2008). 
 

W. Zeng, et al., Chem. Mater. (2010). 

11.9% 

10.0-10.3% 

Yella et al., Science 334, 629 (2011). 

13.0% 

Mathew et al., Nature Chem. 6, 242 (2014). 

SM315 



Can we predict DSC efficiency from first-principles? 

, 

Pinc = 100 mW/cm2 



Energy efficiency determined by 

Interface electron dynamics 

Ma, Zhang, Meng, Chin. Phys. B 23, 086801 (2014). 

Haque et al. JACS 127, 3456 (2005). 

Injection: (1), 10-15 s~10-12 s 

Relaxation: (5)10-12 s ~ 10-9 s 

Collection→ TCO: 10-6 s ~ 10-3 s 

Recombination: (3),(4), 10-12~10-3 s 

Reduction: (2),10-9 s 

Difficulties in experiment: 

1. Complexity 

2. Precision 

1. Absorption 

2. Injection 

3. Collection 

/Recombination 

ηinj= 1 − τinj / Tlifetime 

Interface electron dynamics plays a key role 
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I-V curve 

Ma, Jiao & Meng, J. Phys. Chem. C, invited article (2014). 

PANDORA 

JSC= ∫[SI∕(hc /e λ)]LHE•Φinj•ηcoll d λ   

PANDORA: Predictive algorithms for nano 

device operation rate assessment 



Gali, Kaxiras, Zimanyi, Meng, PRB 84, 035325 (2011). 

(1) Sunlight harvest : photoabsorption 



Model dyes  



Evaluation of Light Harvest Efficiency (LHE) 

 LHE( ) exp d x x   •   

 

 

 

TiO2 film thickness: d = 3 μm 

dye loading: 300 mmol/L 
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Binding geometry precisely determined 



Quantitative proportion of a configuration 

Zhang, Ma, Jiao, Wang, Shan, Li, Lu, Meng,  ACS Appl. Mater. Interface (2014). 



ηinj = 1 −  τinj / Tlifetime 
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ηinj = 1 −  τinj / Tlifetime 

 

 

 

 

 

 

 

 

 

 

 



Electron injection dynamics 

Injection time: 

N1: 150 fs 

N2: 120 fs 



Electron Injection Efficiency 

inj
inject

relax

1 1




 
   

 
,  τrelax= 10 ps (expt.) 
 

JD21 JD26 JD32 

�• inj (fs) 290 240 400 

Φinj 97.2% 97.7% 96.2% 

Jiao, Zhang, Gratzel, Meng, Adv. Funct. Mater. (2013). 

 

Ma, Jiao & Meng, J. Phys. Chem. C (2014). 



χ�Pinjected electron  



Different anchors 

                     SY404               D404         

Theory         33  fs                 60 fs 

Expt. a)         50± 13 fs 

a) Bartelt  et al. JPCC (2014). 



Hot electron effect 



Solvent effect 



(3) Electron-hole recombination (back-transfer) 

e- 

Ma, Jiao, Meng, PCCP (2013).  

Experiment: 5 times difference using ultrafast laser photolysis. 

ps6   

ps23   



Electron Collection Efficiency 

trans
collect

rec

1 1 




 
  

 

τtrans= 5   ps (exp.)  
 

JD21 JD26 JD32 

�• rec (ps) 21.25 2.12 28.11 

ηcollect 81.0% 29.8% 84.9% 



JD21 JD26 JD32 

JSC/ mA.cm-2 15.81 5.66 4.77 

Theory                         Experiment 



Estimating the VOC 
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Dye 
k-1

inj  

(fs) 

k-1
rec 

(ps) 

Jsc/ 

(mA.cm-2) 

VOC 

(mV) 
FF 

Jsc(exp.) 

(mA.cm2) 

VOC(exp.) 

(mV) 
FF(exp.) η η(exp.) 

JD21 290 21.25 15.81 732 0.85 15.4 730 0.75 9.84% 8.4% 

JD26 400 2.12 5.66 509 0.81 ̶ ̶ ̶ 2.33% ̶ 

JD32 240 28.11 4.77 676 0.84 3.7 553 0.78 2.71% 1.7% 

k rec= 1/ τrec 

Red: Theory            Blue: Experiment 



Solar cell efficiency from first principles 

 

•Quantum mechanics based,     

parameter free 

 

•Close to experiment values:1-2% 
 



Dye Y1 Y1b Y1b2 

Theory (%) 3.6 11.6 21.9 

Expt. (%) 2.4   ?   ? 

#1 Designing new dyes for enhanced efficiency 

Jiao, Ma, Meng , Chem. Phys. Lett. (2013). 



#2Tuning interface geometry: Experimental confirmation 

��：2.4%  →  6.1% 

F. Zhang et al., JPCC (2013). 

F. Zhang et al., ACS Appl. Mater. Inter (2014). 



    2. Interface Control for Perovskite Solar Cell 

Perovskite solar cell   ��  = 20.1% 

Problems: 

1.Pb 

2. Unstability 

3. Hysteresis 

+ 

_ 

_ 

+ 

_ 

+ 

Injection 



Snaith et al. JPCL (2014). 

Anomalous hysteresis 

�yDifferent J-V/efficiency  
      forward vs. backward  
�yMore severe for slower scanning 
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1.92 eV 

Band Structure 

MAPbI 3 
MA=methyl -ammonium  



Perovskite/TiO2 Interface  

a 

c 

b 

c 

VO1 VO2 

VO3 

VO4 



Electronic Structure of VO 

VO induced occupied trap state under TiO2 CB. 
VO1 VO3 VO4 

∆E/ eV  0.17   0.58  0.69  

DFT+U (U=4.2 eV) 



ET Dynamics of VO 

Intact  VO1 VO3 VO4 

τinj / fs 4.68 3.97  5.35  5.71  
τrec/ ps 46.59 1.32 13.65  9.87  

VO induced trap states rarely influence injection, 
but facilitates recombination dynamics by several times. 



perfect                                 with Vo 

Enhanced 
couplings 



Experiment: Photoluminescence Spectra 

TiO2 rutile single crystal 

CH3NH3PbIxCl3-x 

Excitation 

485 nm 770 nm 

PL 

-4.0 

TiO2  Perovskite 

-7.0 

-3.93 

-5.43 E
 (

e
V

) e e 

PL spectra (532 nm excitation) 

Type of 
substrate 

PL lifetime(ns) 

Al2O3 36.6±1.2 

TiO2(O2 100%) 32.7±1.1 

TiO2(O2 50%) 32.0±1.4 

TiO2(O2 25%) 28.6±1.6 

TiO2(O2 15%) 27.2±1.1 

TiO2(O2 10%) 24.6±1.2 

 Ovac  

‹M|® 



MA Orientation 



Molecular Dynamics Simulation at 350 K 



Injection and Recombination Dynamics 

  
μ 

(Debye) 
τinj (fs) τrec (ps) 

θ=60° 0.17 8.17 266.16 

θ=150° -4.58 5.55 7.48 

Dramatic difference in recombination rates 

°  
°  

°  °  
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