
1 1 

2009 NCN@Purdue-Intel Summer School  
Notes on Percolation and Reliability Theory 

Lecture 6 
3D nets in 3D world:  

Bulk Heterostructure Solar Cells 

M. A. Alam, P. Nair, and B. Ray 
Electrical and Computer Engineering 

Purdue University 
West Lafayette, IN USA 

www.nanohub.org 
NCN 



2 2 

outline of  lecture 6 

1)  Introduction:  definitions and review 
2)  Reaction diffusion in fractal volumes 

3)  Carrier transport in BH solar cells  
4)  All phase transitions are not fractal 

5)  Conclusions 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two types of 3D networks 
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 Spinodal 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DF for a quasi-3D object… 
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DF for a ordered  
material  … 



Cantor Transform 

same DF 

Cantor transform for quasi-3D Ojects 

Determine DF 

Solve the transport problem in  
equivalent regularized structures …  
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all fractals are finite …  
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model of diffusion/capture …  

How long does it take for particles to diffuse  
to and react at the surface ? 

Boundary condition 

surface flux  flux in material 

Diffusion within the volume 

Reactant‐filled cylinder 

Reaction surface 



depletion of a single void…   
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iteration levels and reaction rates…   

ln(t) 

ln
(U

i) 



13 

sequential depletion …   
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what does this all mean …   
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better basis functions for finite systems…   
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sequential depletion with better basis . 


d =diffusivity parameter 
g = integral parameter 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finite size exponents 

ln(time) 

ln
 (N

) 

Same DF, but different size …  
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critical dimension: an enduring puzzle  

At critical dimension, the  
time response of the device  
does not change with size!  
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DF=1.71  DF=2.51 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transport in solar cells … 

Side view Band-diagram 

Exciton recombination before dissociation  
at the junction makes it a poor cell … 
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problem of exciton recombination … 

Making such thin film is essentially difficult,  
the layers  will short out  …  
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Electron 

Holes 

meso-structured organic solar cells 

Phase segregation dominated by  
Spinodal decomposition 

Mixed Layers Side view 
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response of BH cells to light pulses 

Electron 

Holes 
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demixing/self-organization into thin films 
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exciton recombination current …  
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Form defines function ….  



not really equivalent  
(escaping to the contact) 

26 

At short anneal time, a large fraction of excitons 
can dissociate, but cannot escape to contacts 



morphology in 3D view 
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Phase segregated material after a certain anneal time t …..  



highly efficient optimal structure 
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ordered vs. spinodal films 

Spinodal   Ordered  Double Gyroid  

DF easily controlled 
by annealing 

DF controlled by  
lithography … 

Inexpensive, but 
DF in limited range 
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ordered bulk heterostructure solar cells 

McGehee, MRS Bulletin, Feb. 2009 
A. Javey, Nature Materials, July 2009  



ordered bulk heterostructure solar cells 

A.  Javey,  
Nature Materials, 
 July 2009  



the balancing act …   
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the balancing act …   

Side view 

L x 
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time for charge injected at x …  

Average transit time …  

Output current…  

Optimal length (~ absorption length) and S ~ diffusion length 

S 

L 



ordered bulk hetero structure solar cells 

(b) 
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percolative vs. non-percolative transitions 
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conclusions 


   Discussed two important problems relevant to 
electronic devices that can easily be addressed via 
theory of random systems.  


   The time‐exponent of a reaction‐diffusion problem 
on fractal network is defined by its dimension and 
size. If the design can use critical dimension, then 
scaling up is simplified.  


   There is an optimal annealing time for spinodal BH 
solar cell. Regularized cell improves performance 
significantly  at the expense of increased process 
cost.  



Random material and biomimetic design 

Life at the edge of  equilibrium thermodynamics uses  
geometry in remarkable ways … description of that 
geometry is essential in understanding the function of  
biomimetic materials and devices 
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figure credits and backup slides 

Activated charcoal:  
http://www.chemistryland.com/CHM107Lab/Exp01_AirFilter/Lab/micrographActivatedCharcoal2.jpg 
Porous electrode:  http://www.centronast.com/archives/146 
Battery:  http://www.pemdesign.de/getimg.php?id=45 

Ref.  Mixed solar cell: Peter Peumans, Ph.D. Thesis, 2003.  
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morphology in 3D view 
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Random 
Spinodal 

Ordered 
Gyroid 

double gyroids  for solar cells 

Top Electrode 

Bottom Electrode  Hillhouse, Langmuir, 23, 10, 2007. p 5689 

GISAXS Plots 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DSSC, Grätzel , Inorganic chemistry, 2005 www.postech.ac.kr/chem/mras/eunju.jpg 

Dye-sensitized Solar Cells 



sequential depletion with better basis …   . 
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phase space for response of finite fractals   
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