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Today’s Discussion 

• Crystal States 

• Types of Bonding 

• Insulators, Metals, and Semiconductors 

• Band structure 

• Direct and Indirect Band Gap 

• Electrons and Holes 
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• Each atom shares bonds with 4 other 
atoms. 

• Silicon bonds are covalent, but 
compound semiconductors have a mix 
of ionic and covalent bonds. 

1s 2s 2px 2py 2pz 3s 3px 3py 3pz 

s-ORBITAL p-ORBITAL sp3-ORBITAL 

When silicon atoms COMBINE to form a crystal the s- and p- orbitals HYBRIDIZE to 
form so-called sp3 ORBITALS that are mixtures of the s- and p-orbitals. 

Crystal Bonding 



Bring atoms together, the wavefunctions begin to overlap. 

Crystal Bonding 



Energy Band Formation 

+ 

IN A SINGLE ATOM ELECTRONS 
ARE TRAPPED IN A POTENTIAL 
WELL 

+ + + + 

WHEN MANY ATOMS COMBINE AND FORM A 
CRYSTAL THE ATOMIC POTENTIALS OVERLAP 
GIVING RISE TO A PERIODIC VARIATION 
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Energy Band Formation 



Gedanken Experiment 
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sp3-Hybridization 

starts 

Little interaction 

between atoms 

Stable 

crystal 

Interatomic distance 



Energy Bands Formation 

N = atoms in crystal 

Atomic # 

Z = 14 

Full orbitals 

Only 2 

electrons 
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ATOMS ARE FAR AWAY FROM EACH OTHER AND DO NOT INTERACT 



N = atoms in crystal 

Atomic # 

Z = 14 

Full orbitals 

Only 2 

electrons 

ATOMS START INTERACTING – BONDING & ANTIBONDING STATES 
START FORMING 



N = atoms in crystal 

Atomic # 

Z = 14 

Full orbitals 

Only 2 
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STRONGER INTERACTION – sp3 ORBITAL HYBRIDIZATION  STARTS  



N = atoms in crystal 

Atomic # 

Z = 14 

Full orbitals 

Only 2 

electrons 

STABLE CRYSTAL CONFIGURATION REACHED – COVALENT BONDING 
VALENCE AND CONDUCTION BANDS WITH BAND GAP ARE FORMED  



Energy Bands Formation 

N = atoms in crystal 

Atomic # 

Z = 14 

Full orbitals 
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at  T = 0K 

fully occupied 

at  T = 0K 
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Periodic Table of the Elements 

IV V III 

II 

VI 



IV V III 

II 
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Ionic Bonding 
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Metallic Bonding 
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Covalent Bonding 
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metal semiconductor insulator 

  T = 0 K   



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 



C 

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 










