
• While we have assumed that the intrinsic Fermi level lies within the band gap, we 
will now calculate its exact position.

• For an intrinsic semiconductor material, ni = pi, set the first two boxed equations 
on slide 8.8 equal:

• Then take natural logs of both sides and solve for eFi

• Use the definitions of NC and NV (slides 8.6 and 8.7) and substitute in for the 
midgap energy emidgap= ½(eC+eV)
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• The important consequences of this equation are:
– With mh* = me* , then eFi = emidgap

– If mh* > me* , then Fermi level moves above midgap energy, and vv. This is 
because the DOS function is directly related to carrier effective mass (i.e. a 
larger m*  means a larger DOS function) � the intrinsic Fermi level must 
move away from the band with the larger density of states in order to maintain 
equal number of holes and electrons.

– The deviation of the Fermi level from the midgap is linear with T.



• Doping:  adding small amounts of impurity atoms.
– it can greatly alter the electrical characteristics of the semiconductor.
– A doped semiconductor is called an extrinsicmaterial.

• e.g. covalently-bonded Silicon (group IV)
– 8 electrons surround each Si atom

• Substitute an impurity group V element 
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(e.g.phosphorus) – 5 valence electrons.
• Four of these electrons will be involved 

in covalent bonding, leaving the fifth 
more loosely bound to P atom –
the donorelectron

• A donor is an impurity atom with more valence 
electrons than its host material.

(2D representation)



• The energy required to elevate the donor electron into the conduction band (eC-ed) 
is considerably less than that for the electrons involved in the covalent bonding.
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• Once elevated it can move through 
the crystal generating a current.

• A FIXED positively charged 
phosphorus ion is left behind in the impurity band
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Valence Band
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phosphorus ion is left behind in the 
impurity band.

• Donor impurity atomsadd 
electrons to conduction band 
without creating holes in valence 
band.

• This material is referred to as an n-typesemiconductor.

impurity band

ed is the energy state of the donor electrons

+ + +



• Now consider substituting in a group III element (e.g. Boron). All 3 e’s of the 
impurity atom are involved in covalent bonding, and 1 bonding “position” is empty.

• An e occupying this empty position would have to have energy greater than that of 
valence electrons since the net charge of the B atom would be negative. However its 
energy will be far smaller than the conduction band energy.
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• Valence electrons may gain a small amount 
of thermal energy and move about the 
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Valence Band

crystal.  The “empty” position associated 
with the B atom becomes occupied, and 
other valence electron positions become 
empty.

• These vacated electron positions can be 
though of as holes, which can move 
throughout the crystal creating current, 
while the negatively charged B atom is 
fixed in the crystal.



• The group III atom accepts an electron from the valence band and so is referred to 
as an acceptor impurity atom.
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• The acceptor atom creates holes in 
the valence band without 
generating electrons in the 
conduction band.

Conduction Band
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• A FIXED negatively charged ion is 
created in the impurity band

• An acceptoris an impurity atom 
with lessvalence electrons than 
its host material.

• This material is referred to as an p-type semiconductor.

Valence Band
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impurity band

ea is energy of the acceptor energy states 
(“empty” positions)



Ionization Energy

• Calculate distance of donor electron from impurity atom, and energy required to 
elevate donor electron into conduction band,               (ionization energy).

• Use Bohr model of atom since we have an electron orbiting donor ion.

• Set Coulomb force of attraction equal to centripetal force.  k is permittivity of 
semiconductor (= k0 kr) , r is orbit radius.

)( dC ee -

http://en.wikipedia.org/wiki/Bohr_model
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semiconductor (= k0 kr) , r is orbit radius.

• Assume angular momentum quantised (n positive integer)

• Solving for radius – also quantised.

k0 permittivity of free space, 
kr = relative permittivity

(1)



• Bohr radius defined as (me is rest mass of electron, 
n = 1).

• Normalise radius of donor orbital to that of Bohr 
radius (as defined for hydrogen). 

Ionization Energy
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• Consider lowest energy state, n = 1 for silicon (kr = 
11.7 and me* = 0.26me):

i.e. the orbiting donor electron encompasses many 
Si atoms and is not tightly bound

constants lattice 5 ~

nm) 42( 45 101 .»= rar

Note: the effective mass value that we must use for this calculation (me* = 0.26m0, sometimes called the “conductivity 
effective mass”) must account for the detailed band structure of the semiconductor (multiple band minima) and not simply the 
single minimum close to the conduction band edge that we considered previously for the DOS calculation (me* = 1.08m0). 

(aSi ~ 0.5 nm)


