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In/homogeneous semiconductors
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Last week
• Tight-binding (LCAO for a solid)
• Bloch sums for an atomic (“exploded”) crystal and for a 

real crystal
• From levels to bands
• How many bands are filled?
• Band structure of graphene, carbon nanotubes
• Semiconductors – basic electrical and optical properties



Sb-doped 
Germanium
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Optical absorption in Ge
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Density of carriers at thermal equilibrum

MSE 423 Fundamentals of Solid-state Materials - Nicola Marzari (EPFL, Fall 2025)

Density of carriers at thermal equilibium
(non-degenerate sc)
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Density of available states
(isotropic effective mass)
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Miracle! Law of Mass Action
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This is a property of the material (does not depend on doping)



Intrinsic case
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Intrinsic case
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Impurity levels
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• Adding impurities can lead to controlled domination of one carrier type
– n-type is dominated by electrons
– p-type is dominated by holes

• Adding other impurities can degrade electrical properties

Impurities with close 
electronic structure to host

Impurities that create deep levels

n-type

x

x

x

Al

Si

Asx

x

x

x
x

x

x

x

Au

Si

deep level

Ec

Ev

Ec

Ev

Ec

Ev

ED EDEEP

-+
-

EA

p-type

Impurity states as “embedded” hydrogen atoms
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• Consider the weakly bound 5th electron in phosphorus as a modified hydrogen atom
• For hydrogenic donors or acceptors, we can think of the electron or hole, 

respectively, as an orbiting electron around a net fixed charge
• We can estimate the energy to free the carrier into the conduction band or valence 

band by using a modified expression for the energy of an electron in the H atom
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Thus, for the ground state n=1, we can see already that since 𝞮 is of the order 
of ~10, the binding energy of the carrier to the impurity atom is <0.1eV

Expect that many carriers are then ionized at room T:
• B acceptor in Si: 0.046 eV
• P donor in Si: 0.044 eV
• As donor in Si: 0.049
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Impurity types, levels

Inverse T plot

Temperature dependence of majority carriers



Conductivity in semiconductors

Conductivity in (doped) semiconductors can be computed as in 
metals once we know the density of charge carriers (at every T):
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Equilibrium carrier densities of 
impure/extrinsic/doped semiconductors (simplified)



How does the chemical potential move?

n-type doping:

p-type doping:

At finite T

Si: n and p type doping



Semiconductor carrier engineering
• Silicon at room temperature

– ni: ~1010cm-3

– add 1016cm-3 (~1ppm) phosphorous donors: nc~Nd

– nc~1016cm-3, pv~104 (ni
2/Nd)

– conductivity is proportional to the # of carriers leading to 6 orders 
of magnitude change in conductivity! 

Impurities at the ppm level drastically change 
the conductivity (6 orders of magnitude)
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Basic electronics: the transistor



Abrupt junction

p-type material at equilibrium n-type material at equilibrium

pv~NA nc~ND

nc~ni
2/NA pv~ni

2/ND
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What happens when you join these together?

The p-n junction (diode)
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Carriers flow under driving force of diffusion 
until µ is horizontal 
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An electric field forms due to the deviation from charge neutrality

Therefore, a steady-state balance is achieved 
where diffusive flux of the carriers is balanced 

by the drift flux

E



Chemical potential
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What is the built-in voltage Vbi?
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The built-in potential is also the one needed to align the Fermi levels!
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Carrier concentration 
in a p-n junction
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p-n



Operation under bias
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