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Fermi energy
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The Fermi energy is implicitly defined as the energy that solves the 
following equation.

Here n is the electron density.

The density of states, the total number of electrons and the temperature are 
given. To find the Fermi energy, guess one and evaluate the integral. If n
turns out too low, guess a higher EF and if n turns out too high, guess a 
lower EF. 
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free electrons (simple model for a metal)
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Silicon band structure

Near the bottom of the conduction band, the band structure looks like a parabola. 
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Ec = bottom of the 
conduction band 

Ev = top of the valence 
band 
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This effective mass is used to describe the response of 
electrons to external forces in the particle picture. 

Effective mass
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GaN
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Anisotropic effective mass in silicon

The electrons seem to have different masses when the electric 
field is applied in different directions. 
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Holes

When all states in a band are occupied, the band 
does not contribute to the current. There are as 
many left-moving electrons as right-moving 
electrons.  
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valence band, holes
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In the valence band, the effective mass is negative.



Holes

Charge carriers in the valence band can be considered 
to be positively charged holes. The number of holes in 
the valence band is the number of missing electrons. 

m*h = effective mass of holes
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Silicon density of states

T = 300 K

1012

electrons in 
the 
conduction 
band

T = 300 K
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Boltzmann approximation



Density of electrons in the conduction band
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Density of electrons in the conduction band
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Density of holes in the valence band 
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Silicon valence bands
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Density of holes in the valence band 
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Density of holes in the valence band 
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Law of mass action
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For intrinsic semiconductors (no impurities)
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Intrinsic carrier concentration
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Good for thermometer, bad for designing circuits.



Fermi energy of an intrinsic semiconductor
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Si GaAs

Temperature dependence of EF
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http://lamp.tu-graz.ac.at/~hadley/ss1/semiconductors/intrinsic_so.php
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Extrinsic semiconductors
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The introduction of impurity atoms that can add electrons or holes 
is called doping.

n-type : donor atoms contribute electrons to the conduction band. 
Examples: P, As in Si.

p-type : acceptor atoms contribute holes to the valence band. 
Examples: B, Ga, Al in Si.
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The electron density and hole density are:

The law of mass action:



Ionization of dopants

Easier to ionize a P atom in Si 
than a free P atom
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Ionization energy is smaller by a factor:

Ionization energy ~ 25 meV



acceptors in Si donors in Si
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Czochralski Process

add dopants to the melt

Crystal growth


