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Essentials of semiconductor physics 
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1) Energy bands 
2) Doping 
3) Fermi function and Fermi level 
4) Carrier densities 
5) Drift-diffusion equation 
6) Energy band diagrams 
7) Quasi-Fermi levels 
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Silicon energy levels / energy bands 

4 nearest 
neighbors 
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• Only the valence states are of 
interest to us. 

• The 8 valence states give rise 
to 8Natoms states per cm3 in 
the solid.  

• But the interaction of the 
electron wavefunctions alters 
the discrete energy levels of 
the isolated Si atoms.  
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Silicon energy levels   energy bands 

Si crystal 
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4Natoms states 

conduction “band” 

4Natoms states valence “band” 

“forbidden gap” 
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Silicon energy levels   energy bands 
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•  •  •  •  •  •  •  •  • 

•  •  •  •  •  •  •  •  • 
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“Energy band diagrams” 
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Intrinsic Si 
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Intrinsic silicon 

Si crystal structure 

4 nearest neighbors 
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Metals insulators and semiconductors 

insulators:  don’t conduct electricity well 
   usually don’t conduct heat well 
 
metals:  conduct electricity (and heat) well. 
 
 
semiconductors:   in-between, but 
          their properties can be controlled 
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insulators              metals       semiconductors 
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Covalent (column IV) semiconductors 

http://en.wikipedia.org/wiki/Periodic_table 

column 
IV Col. III dopant 

Col. V dopant 
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Doping 

Phosphorus 
or Arsenic 
Column 5 

Gallium or 
Boron 

Column 3 
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Silicon 
Column 4 

12 



N-type doping (donors) 

Weakly bound 
 
Easily broken at room 
temperature 
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Ionized donors 

+ 
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P-type doping (acceptors) 
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Ionized acceptors 
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III-V semiconductors 

http://en.wikipedia.org/wiki/Periodic_table 

Col. 
III 

Col. 
V 
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Filling states 
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What is the probability that 
states in the conduction band 
are filled? 

What is the probability that 
states in the valence band are 
empty? 
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Occupation of states 
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States below this 
energy have a high 
probability of being 
occupied. 

States way above 
have very little 
probability of being 
occupied. 
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Fermi level / Fermi function 

(EF, Fermi level or 
electrochemical potential) 

(Fermi function) 

small probability 
of being filled 

even smaller probability 
of being empty 
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Carrier densities and density-of-states 
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Carrier densities and Fermi level 
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NC, NV:  “effective DOS” 

Raseong Kim and Mark Lundstrom, “Notes on Fermi-Dirac Integrals, 
3rd Ed.,” https://nanohub.org/resources/5475. 
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Non-degenerate semiconductors 
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N-type semiconductor 
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P-type semiconductor 
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Intrinsic semiconductor 
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Essentials of semiconductor physics 
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1) Energy bands 
2) Doping 
3) Fermi function and Fermi level 
4) Carrier densities 

 
5) Drift-diffusion equation 
6) Energy band diagrams 
7) Quasi-Fermi levels 
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Classical particle:  electron in free space 

Lundstrom: Nanotransistors 2015 28 



Energy and “crystal momentum” 
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“band structure” 

Electron energy 

Hole energy 
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Drift current 

drift current 
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Thermal velocity 
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uniform n-type 
semiconductor 

“ideal” contacts 

cross-sectional 
area, A 
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Diffusion current 

(Adolph Fick, 1855) 

(diffusion coefficient) 

diffusion current 
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Drift-diffusion equation 

diffusion current 

drift current 

(Einstein relation) 
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Energy bands can bend 

But the Fermi level is constant (in equilibrium)! 

a b 
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Voltage and electron potential energy 

- 
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Example: electrostatic potential vs. position 

----------------- semiconductor ------------ 

“surface potential” 
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Bandbending in semiconductors 
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Quasi-Fermi levels 
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? 
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Quasi-Fermi levels 
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Carrier density and QFL’s 
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Out of equilibrium, the Fermi level must be replaced 
by two QFL’s – one for electrons and one for holes. 
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Current and QFL’s 
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The Fermi level is constant in equilibrium. 

The quasi-Fermi levels can be position dependent.  

41 



Essentials of semiconductor physics 
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1) Energy bands 
2) Doping 
3) Fermi function and Fermi level 
4) Carrier densities 
5) Drift-diffusion equation 
6) Energy band diagrams 
7) Quasi-Fermi levels 
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