
n-type

For n-type, n ~ density of donors, 
p = ni2 /n

n-type ND > NA,  p ~ 0  
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p-type

For p-type, p ~ density of acceptors, 
n = ni2/p

p-type NA > ND,  n ~ 0  
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Degenerate semiconductor

Heavily doped semiconductors are called degenerately doped

ND > 0.1 Nc ->  EF in the conduction band
NA > 0.1 Nv ->  EF in the valence band

Heavy doping narrows the band gap
The Boltzmann approximation is not valid
Degenerate semiconductors = metal



Ohm's law

e = electron mobility
h = hole mobility
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For semiconductors:
,d h hv E 

Conductivity of intrinsic silicon depends exponentially on temperature.
The conductivity of a doped semiconductor is constant for a range of T.





Silicon

Franssila, Introduction to Microfabrication
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High fields  

Emission of optical phonons causes the saturation of electron velocity.
There are no semiconductors without optical phonons.



MOSFET

Bipolar Junction Transistor



pn junction 
p-type n-type

Ec

Ev

Ec

Ev



under normal operation conditions
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Semiconductor devices   Kittel p. 503 - 512 

NA > ND        p = NA -ND ND > NA n = ND -NA
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Vbi built-in voltage 
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law of mass action
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Depletion width 

W

Vbi ~ 1 V
W ~ 1 m
Emax ~ 104 V/cm

The electric field pushes the electrons towards the n-region 
and the holes towards the p-region.
Diffusion sends electrons towards the p-region and holes 
towards the n-region.
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depletion approximation 
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Diode
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Zener tunneling

Electrons tunnel from 
valence band to 
conduction band
Occurs at high doping



Light emitting diodes

Solid state lighting is efficient.



Light emitting diodes

absorption
reflection
total internal reflection

Electrons and holes are injected into the depletion region by forward biasing 
the junction. The electrons fall in the holes. For direct bandgap 
semiconductors, photons are emitted. For indirect bandgap semiconductors, 
phonons are emitted. 





Equivalent circuit

Solar cell



Solar spectrum



Shockley–Queisser limit

http://en.wikipedia.org/wiki/Shockley-Queisser_limit



Biofuel efficiency ~ 1%
Grid parity will be reached in the next 10 years
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