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A brief review of the carrier transport in organic systems 

  Static localized state hopping  
     (The state hopping happens in a faster rate than the 
       change of the states due to nuclei movements) 

Miller-Abrahams model (Fermi Golden rule) for weak  
electron-phonon coupling  

Marcus theory for strong electron-phonon coupling  
and polaron systems.  

  Dynamic disorder transport  
  (The adiabatic electron states change faster than hopping) 

The electron wave function follow the Ehrenfest dynamics 
 (time dependent Schrodinger’s equation).  

  Something in between 
    Have both the adiabatic state change, and the hopping.  
    Time domain simulation, e.g., follow Tully’s algorithm 



Motif based charge patching method 

Error: 1%, ~20 meV eigen energy error. 

Phys. Rev. B 65, 153410 (2002). 



Charge patching: free standing quantum dots 

In675P652  LDA quality calculations (eigen energy error ~ 20 meV) 

CBM VBM 
64 processors (IBM SP3) for ~ 1 hour  Total charge density 

         motifs 

The band edge eigenstates are calculated using linear scaling 
folded spectrum method (FSM), which allows for 10,000 atom  
calculations.  



The accuracy for the small Si quantum dot 

8 (22) 



Charge patching for organic molecules 

Direct  
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Charge 
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Red: LUMO (CBM); Blue: HOMO(VBM) 

Long Alkane chain.  

Tested: 
 alkanes, alkenes, acenes 
 thiophenes,furanes,pyrroles, 
 PPV  

Different length and 
configurations 

Typical eigen energy  
error is less than 30 meV 



Electron states in other organic systems (charge patching) 
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A 3 generation PAMAM dendrimer  

An amorphous P3HT blend  



  typically localized to 3-6 rings.   
  weakly affected by other chains.      

P3HT – 5 chains
 with
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Hole Wave functions in P3HT 



Explicit calculation of localized states and their transition rates 

  Classical force field MD for P3HT blend atomic structure 

  Take a snapshot of the atomic structure 

  CPM and FSM to calculate the electronic states ψi.  

  Classical force field calculation for all the phonon modes 

  Quick CPM calculation for electron-phonon coupling  
    constants  

  transition rate Wij from Cij(ν):  

  using Wij and multiscale approach to simulate carrier  
    transport 



10x10x10 box 

3nm 

30nm 

300nm 

10x10x10 box 

0.14nm 

Multiscale model for electron transport in random polymer 

Exp Refs: 
 PRL 91 216601 (2003) 
 PRL 100 056601 (2008)  



How good is the current phenomenological models 

The Miller-Abrahams model for weak electron-phonon coupling 

Wij=C exp(-αRij) 

exp( -(εj-εi)/kT) for εj > εi 

1  for εj < εi 

Marcus like formula for strong electron-phonon coupling, polaron 

Some electron density of state (e.g., Gaussian) is assumed 

These formulas have been used for decades without checking 
 their validities.  

Our case is the weak coupling case 



Full calculations and three different models 

Full Calc.  

Miller model 
   (Model C) 

Model A 

Model B 





Full Model 

Full Model 

F: electric field (E) 

Field dependent mobility 



Conclusion for  the phenomenological model  

  Phonon density of state is important 

  The shape of electron wave function is important 

  Detail electron-phonon coupling constant might not 
    be so important 

  The simple models (e.g., Miller model) might not have 
     predictive power 



  The system contains 10,000 atoms, 
     more than a million PW basis set. 

  Calculate the electronic structures 
    using folded spectrum method (it is 
    doable, but time consuming.  

Calculating the electronic states for a given H 



  Generate the basis set on each  
    trimer of  the thiophene rings 

  The trimers are overlapping with each others.  

  The number of basis set equal to the number 
     of thiophene rings (or by x2, x3) 

  But each trimer fragments cut from the  
    system have to be calculated.  

Calculating the electronic states using fragment basis 



The density of the tail states 

Averaged over 
50 configurations 
(MD snapshots),  
and each with  
10,000 atoms.  
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What causes the state localization at the DOS tail? 

  The widely used common assumption (often based on  
     tight-binding model) is that the localization is due to  
     ring-ring torsion angle rotation.  

According to this model, the DOS tail states should  
be extended states (correspond to long straight chains).  

But that contradict to our finding, in our result, the DOS 
tail states are more localized than the other states 

  We have an alternative model: the localization is due to  
    on site potential fluctuation due to the electrostatic  
    interaction of nearby polymers. Thus, this cannot be  
    described by simple tight-binding model.  



original 

no inter-chain 

nearest neighbor only 

constant   ti,i+1 



The localization of the states 

no inter-chain 

original nearest neighbor only 

constant   ti,i+1 



no inter-chain 

nearest neighbor only 

constant   ti,i+1 original 

Gaussian distrib. ti,i 

constant   ti,i+1 

correlated ti,i 

constant   ti,i+1 



The onsite and nearest neighbor TB constant tij 



Conclusion for the DOS and localization 

  The DOS has an exponential decay tail 

  The tail states are localized around 3-4 monomers (rings) 
     They are more localized than the off the edge states 

  In contrary to the widely held belief, we find that the  
    state localizations are induced by onsite electrostatic  
    fluctuations, which are caused by the electrostatic  
    interactions from nearby polymer units.  


