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Direct and indirect band gaps

Direct bandgap semiconductors are used for optoelectronics 

Eg

photon
phonons

k

E
E

k
Direct bandgap  Indirect 

bandgap  

Conduction  band

Valence  band



Semiconductors

Conduction  band

Valence  band



Light emitting diodes
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Minimum of the conduction band

Free electron dispersion relation
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Conduction band minimum

Near the conduction band minimum, the bands are approximately 
parabolic.   



Effective mass

2
*

2

2

( )

x

m
d E k

dk






The parabola at the bottom of the conduction band does not 
have the same curvature as the free-electron dispersion 
relation. We define an effective mass to characterize the 
conduction band minimum. 

This effective mass is used to describe the response of 
electrons to external forces in the particle picture. 
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Top of the valence band
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In the valence band, the effective mass is negative.

Charge carriers in the valence band are 
positively charged holes.

m*h = effective mass of holes
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Holes

𝚥 = න −𝑒𝑣⃗(𝑘)

filled states

𝐷(𝑘)𝑑𝑘

= න −𝑒𝑣⃗(𝑘)

band

𝐷(𝑘)𝑑𝑘 − න −𝑒𝑣⃗(𝑘)

empty states

𝐷(𝑘)𝑑𝑘

= න 𝑒𝑣⃗(𝑘)

empty states

𝐷(𝑘)𝑑𝑘

A completely filled band does not contribute to the current. 

Holes have a positive charge and a positive mass. 



Effective Mass 
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Free electron Fermi gas
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Semiconductors and insulators - 1d
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Semiconducting carbon nanotubes



Semiconductors and insulators - 2d
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Semiconductors and insulators - 3d
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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



The free electron density of states is modified by the effective mass. 
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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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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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Chemical potential of an intrinsic semiconductor
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http://lampx.tugraz.at/~hadley/ss1/semiconductors/boltzmann.php



The electrical contribution to the 
thermodynamic properties of insulators 
depend on band edges



Silicon

silicon crystal = diamond crystal structure

• Important semiconducting material
• 2nd most common element on earths crust 
(rocks, sand, glass, concrete)
• Often doped with other elements
• Oxide SiO2 is a good insulator





http://www.matprop.ru/semicond



http://lamp.tu-graz.ac.at/~hadley/ss1/semiconductors/intrinsic.php



Narrow bandgap semiconductors 

Ev Ec

Use the programs for metals for small bandgap semiconductors.



Large gap -> large effective mass

2
2

2

*

2

1

d E
ta

dk

m
t





2 cos( )kE t ka 

narrow bands -> large effective mass

2
*

2

2

m
d E
dk





