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Ionization Energy
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• Kinetic Energy of electron is

• Substituting in velocity from equation 1 
(slide 9.6) and then for rn.

• Potential energy is (Coulomb attraction)

• Total energy (T + V) is therefore
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Ionization Energy

Semiconductor

Impurity Si Ge

Donors

Phosphorus 0.045eV 0.012eV

Arsenic 0.050eV 0.013eV

Acceptors

Boron 0.045eV 0.010eV

Aluminium 0.060eV 0.010eV

• For the hydrogen atom, me* = me = 9.11×10-31and κ = κ0 = 8.85×10-12�

ionisation energy εI ~ -13.6eV for n = 1.

• Compare this to silicon: approx. ionisation energy of donor atom, 

εI = (εC – εd) = -13.6 me*/(meκr
2) = -0.026 eV, which is much less than the band gap 

of silicon (~ 1eV)

• This hydrogenic model works quite well: provides a good estimation of the 
magnitudes of the ionisation energies involved…

(εC − εd) << εg

εg ~ 1eV
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Impurities in group III-V semiconductors 
(e.g. GaAs)

• Group II elements (e.g. beryllium, zinc) can substitute 
gallium (III) to become acceptor impurities.

• Similarly, Group VI elements (e.g. selenium, tellurium) can 
substitute arsenic (V) to become donor impurities.

• Both acceptor and donor ionisation energies are smaller than 
the corresponding ones for silicon.

• Ionisation energies for donors in GaAs are smaller than 
those of the acceptors due to smaller m* of electron 
compared to hole (slide 8.8).

• Group IV elements (e.g. silicon, germanium) can act as 
amphoteric impurities in III-IV materials since they can 
replace either Ga or As and act as a donor or acceptor 
respectively.

Donor in 
GaAs

Ionisation 
Energy 
(eV)

Selenium 0.0059

Tellurium 0.0058

Silicon 0.0058

Germanium 0.0061

Acceptor in 
GaAs

Beryllium 0.0280

Zinc 0.0307

Cadmium 0.0347

Silicon 0.0345

Germanium 0.0404
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Equilibrium distribution of electrons and 
holes: Extrinsic Semiconductor

• Adding donor/acceptor impurities 
changes the distribution of charge carriers 
in the material.  Since the Fermi energy is 
related to the probability distribution (FD 
or MB) function, it will change as 
impurities are added.

• n-type shown on 
the left (n0 > p0) 
i.e. donor 
impurities have 
been added.

• Electrons are the 
majority carrier, 
holes are the 
minority carrier

Intrinsic SC (reminder)
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Equilibrium distribution of electrons and 
holes: Extrinsic Semiconductor

• p-type shown opposite (p0 > n0) i.e.
acceptor impurities have been added.

• Holes are the majority carrier, electrons 
are the minority carrier.

• The previously derived equations for n0

and p0 (slides 8.6 and 8.7) are still general 
equations in terms of Fermi energy – they 
are still valid.
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Equilibrium distribution of electrons and holes:
Extrinsic Semiconductor

• To derive an alternative form of the 
thermal equilibrium concentration 
equations, add and subtract an intrinsic
Fermi energy in the exponential of the 
equation for n0 (slide 8.6) i.e.

• But boxed term is intrinsic carrier 
concentration, ni (see slide 8.8), so we 
write:

• Similarly for holes
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i.e. when donor and acceptors added, εF, n0 and p0 change 

from their intrinsic values (εFi, ni and pi )

If εF > εFi, then n0 > ni and p0 < ni: n-type with n0 > p0

If εF < εFi, then p0 > ni and n0 < ni: p-type with p0 > n0
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Extrinsic Semiconductor: n0p0 product
• Take the product of the general n0 and p0 expressions (slides 8.6,8.7):

• This equation is exactly the same as that derived for an intrinsic material on slide 
8.9, therefore we have 

• This equation states that the product n0p0 is always constant for a given material at 
given temperature – it’s a fundamental principle of semiconductors in thermal 
equilibrium.

• Note: only valid when the Boltzmann approx. valid
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Law of mass action
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Degenerate and Nondegenerate semiconductors

• So far we’ve assumed that the concentration of dopant atoms added is small 
compared to density of host atoms –e.g. there is no interaction between donor 
electrons in n-type material. 

• We’ve assumed that the impurities introduce discrete energy states. These are 
referred to as nondegenerate semiconductors.

• If impurity concentration increases, then the donor electrons (for example) will 
eventually interact.

• The single discrete donor energy εd will split into a band of energies, which may 
overlap with bottom of conduction band (when donor concentration, Nd ~ effective 
density of states, NC.

• When Nd > NC, then εF lies within conduction band.

• � degenerate n-type semiconductor.
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Degenerate and Nondegenerate 
semiconductors
• Similarly for acceptor doping leading to a degenerate p-type material.

• Energy states below εF are mostly filled i.e. in the n(p)-type material most of 
the states between εC (εV) and εF are occupied (empty)�

electron (hole) concentration in conduction (valence) band is very large.

Valence band

Conduction bandεF

εF

εC

εV

filled states (electrons)

empty states (holes)

p-typen-type
degenerately doped


