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Thermal conductivity  Uj K T  


Imperfections in the crystal or grain 
boundaries decrease the mean free 
path and the thermal conductivity.

At high temperatures, the mean free 
path is limited by Umklapp 
processes. At low temperatures the 
Umklapp processes freeze out and 
the mean free path is limited by 
imperfections. 



Materials depend on 

Temperature 
Pressure 
Impurities
Microstructure
Electric and Magnetic fields



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
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Crystal planes and directions: Miller indices

MOSFETs are made on <100> wafers

[ ] specific direction
< > family of equivalent directions
( ) specific plane
{ } family of equivalent planes

A plane with the 
intercepts 1/h, 
1/k, 1/l is the 
(h,k,l) plane.



Silicon surfaces

(Source: Sandia 

Nat.Labs.)

2×1 

Si(100)

7×7

Si(111)





Silicon band structure

k=0

Ec = bottom of the 
conduction band 

Ev = top of the valence 
band 

Eg =  Ec - Ev

k=0

Electrons with energies in the gap are reflected out of the crystal.



Fluorescent lamp



Molecular energy levels



Semiconductors

valence band 
conduction band
band gap

molecular orbitals 
are plane waves



wave vector k

p k




2

k

  

A k-vector points in the direction a wave is propagating.

wavelength:

momentum:
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Silicon electronic structure

Conduction  band

Valence  band
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Fermi function
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f(E) is the probability that a state at energy E is occupied.



Electrons in the 
conduction band

T = 300 K

1012

electrons in 
the 
conduction 
band

T = 300 K
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Silicon density of states

T = 300 K

1012

holes in the 
valence 
band

T = 300 K

Ev



Intrinsic carrier concentration
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Absorption and emission of photons

absorption

emission

semiconductor
absorption



direct bandgap:
Dk = 0

photons can be 
emitted

indirect bandgap:
Dk = 0

phonons are 
emitted

Direct and indirect band gaps

Momentum must be conserved 
when photons are absorbed or 
emitted.

191.6022 10 1.43 J
hc

E hf


    

867 nm    infrared 

What color light does GaAs emit?



Extrinsic semiconductors

The introduction of impurity atoms that can and 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.



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
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High fields  

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



pn junction 

semiconductors in contact

Abrupt junction: the doping changes abruptly from p to n 

Built-in voltage
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http://lampx.tugraz.at/~hadley/psd/L6/abrupt.html



Depletion width 

W

Vbi ~ 1V

W ~ 1m

Emax ~ 104 V/cm

vsat ~ 107 cm/sec

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.



Diodes
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isolation
solar cells
Photodectectors
LEDs
laser diodes (CD, AFM, bar code) 
signal diodes
surge protection
Zener diodes
thermometers
variable capacitors



Schottky contact 

Schottky contact
metal

Walter Schottky 

p-type semiconductor

metal

n-type semiconductor



Schottky

barrier 

Like a one sided junction, the metal side is heavily doped. 
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Tunnel contacts

For high doping, the Schottky barrier is so thin that electrons can 
tunnel through it. 

metal p+ p

metal n+ n

Tunnel contacts have a linear resistance. 

Degenerate doping at a tunnel contact



Contacts



MOSFET



Accumulation/Depletion/Inversion 

n



Alexander Schiffmann, Master Thesis (2016)

Potential Electric field strength

Saturation 
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Bipolar Junction Transistor


