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Today’s Discussion 

• Electrons and Holes 

• Effective Mass 

• Intrinsic Material 

• Extrinsic Material 
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phase space 





For a quantum mechanical particle described by the 

Schrödinger equation inside a crystal, we define a new 

“crystal” momentum 
 

 

 

 

 

Here k is the wave number of the wave describing the 

particle quantum-mechanically and for convenience it is 

used most often as momentum coordinate. 

 



 

We model the crystal as a new kind of “free space” where 

the particles obey a new energy-momentum relationship 

given by the band structure, containing the effects of the 

periodic atomic potentials. 
 

 

Therefore, what we study is not an electron “particle” as in 

an isolated atom or in vacuum, but an electron “quasi-

particle” which obeys special dynamic laws as dictated by 

the specific crystal in which it moves. 



Lowest energy 

solution in the 

conduction band 

Highest energy 

solution in the 

valence band 
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Often it is sufficient to analyze conduction band behavior only in the region 

close to the minimum of the lowest energy branch, called a “valley”.  

C 

C C 

Often it is sufficient to analyze valence band behavior only in the region close 

to the maximum of the highest energy branch, also called a “valley”.  

In many cases the E(k) 

relations in the valleys are 

with good approximation 

parabolic 



At finite temperature, electrons have 

the probability to acquire sufficient 

thermal energy to be excited to the 

conduction band. 

 

An empty state is left behind, which 

essentially behaves like a positive 

“quasi-particle” (hole) moving when 

neighboring valence electron jump 

into that empty space leaving 

another one behind     

electron 

hole 











Momentum space Real space 

Apply Electric Field 
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Newton’s Law 
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Momentum space Real space 

Apply Electric Field 
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Momentum space Real space 

empty state 
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Dynamics of the particles does not take place 

according to the classical mechanical laws as in free 

space, but it depends on the band structure E(k). 

 

However, the bottom of the conduction band and the 

top of the valence band are approximately parabolic in 

a range of energies.   

 

In these conditions, particles still move according to a 

Netwon-like dynamics, as if possessing a different 

mass which depends on the curvature of the parabola.    

electron effective mass  

hole effective mass is 

typically different 



Stronger curvature: 

- Less energy states available 

- Lighter effective mass 

Gentler curvature: 

- More energy states available 

- Heavier effective mass 

Curvature of 

the band 





heavy holes 

light holes 

main electron valley 





main electron valley 







satellite valley (L) satellite valley (X) 





The effective mass depends on the band curvature, 

therefore, it depends on spatial direction for a valley 

which is not spherical. 

 

 

For some applications to evaluate material properties, 

one may use a mass averaged over the valleys and the 

directions (density of states mass). 

 

 

In charge transport calculations one may use instead 

the appropriate average mass for a given direction 

(conductivity mass) 





Intrinsic Semiconductor 

• A pure semiconductor is called “intrinsic” 

 

 

 

 

 

 

• There are always as many electrons in the 
conduction band as holes in the valence band  



Intrinsic Semiconductor 

• The intrinsic concentration depends on 
temperature 



Extrinsic Semiconductor 

• Impurities are introduced to force the material 
to have more electrons than holes or vice versa 

– An atom with more than 4 valence electrons can 
donate electrons to the conduction band while 
becoming a fixed positively charged ion.  This is 
called a donor. 

– An atom with less than 4 valence electrons can 
attract electrons from the valence band, creating 
holes and becoming a fixed negatively charged ion.  
This is called an acceptor. 



Extrinsic Semiconductor 

• The process of introducing impurities in the 
semiconductor for the purpose of changing 
material properties is called “doping”. 

• The impurities introduced with this process are 
called “dopants”. 

 

• Dopants are more commonly added: 

– During growth of the crystal 

– By diffusion at high temperature 

– By ion implantation 



Diffusion (pre-deposition + drive-in) 

Pre-deposition Drive-in 

Diffusion depth depends 

on temperature 

T >> 



Ion implantation 

Doping profile obtained by 

implantation at different energies 

 

Diffusion process can follow to 

smooth out profile 

ion beam with energy EB 

R 

Range R depends on EB 



Common Dopants for Silicon 

IV V III 

II 

VI 
Acceptors Donors 



interstitial dopant 

substitutional 

dopant 



Donors should create energy levels close to the conduction band 

Acceptors should create energy levels close to the valence band 
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n-type p-type 


