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Equilibrium Distribution of Electrons and Holes

Equilibrium : No external forces such as voltages, electric fields, magnetic fields, or temperature 

gradients.

gc(E) : density of states in 

conduction band per unit volume 

per unit energy

n(E) : density of electrons in 

conduction band per unit volume 

per unit energy

gv(E) : density of empty states in 

valence band per unit volume per 

unit energy

p(E) : density of holes in valence 

band per unit volume per unit 

energy



Thermal equilibrium concentration of electrons and holes 

Effective density of states 

function in the conduction 

band





Intrinsic Carrier Concentration : different with Equilibrium Concentration

EFi : Intrinsic Fermi Energy Level

Calculated ni value with T =300 K and Eg=1.12 eV is 6.95ⅹ109 cm-3

: not equal with the normally accepted values of ni .

- Effective mass and Bandgap energy values are a slight function of temperature

- the density of states function is extracted from 3-D infinite potential well.

For an intrinsic semiconductor, the concentration of electrons in the conduction band is equal to the concentration 

of holes in the valence band.



Intrinsic carrier concentration in GaAs at T = 300 K and 450 K

4 orders of magnitude difference over 150℃ 

temperature increase !!

Intrinsic Fermi-Level Position

Temperature dependence of intrinsic carrier concentration

/2



Doping
Group V element doping  N-

type semiconductor Donor 

impurity atom

Group III element doping  P-

type semiconductor Acceptor 

impurity atom

Ionization Energy

The energy required to elevate 

the donor electron into the 

conduction band.

Impurities for 

GaAs

In GaAs, if a silicon atom replaces Ga, the Si will act as a donor, but if the Si 

replaces As atom, then the Si act as an acceptor.  ‘amphoteric’





Extrinsic Semiconductor

A semiconductor in which controlled amount of specific dopant or impurity atoms have been added so that the 

thermal equilibrium electron and hole concentrations are different from the intrinsic carrier concentration. One type 

of carrier will predominate!!

Adding donor or acceptor atoms  invoke 

change of the distribution of carriers 

Fermi energy level should be changed !!

At equilibrium,



The n0p0 product in equilibrium

At equilibrium, n0p0 product is same regardless of the impurity concentrations. 

Keep in mind that the above equation is based on the Maxwell-Boltzmann approximation. 

Degenerate Semiconductors

Nondegenerate n-type semiconductors : 

Impurity concentration is small compared to the density of semiconductor 

atoms.   No interactions between the impurity atoms and between donor 

electrons.   Discrete and noninteracting donor energy states.

Degenerate n-type semiconductors : 

Impurity concentration is increased and donor electrons interact with each 

other.   Discrete donor energy will split into a band of energies.   The 

band of donor states widens and overlap the bottom of the conduction band.

This overlap occurs when the donor concentration becomes comparable with 

the effective density of states, Nc .



Probability Function

Nd : the density of donor atoms

nd : the density of electrons occupying donor level

Ed : the energy of donor level

Nd
+ : the concentration of ionized donors

Similarly,

Na : the density of acceptor atoms

na : the density of holes in the acceptor states

Ea : the energy of acceptor level

Na
- : the concentration of ionized acceptors

For (Ed – EF) ≫ kT

: Unionized fraction



There are very few electrons in the donor state, 

0.41 %, almost completely ionized!!

Example 4.7 : Consider phosphorus doping in silicon , for T = 300K with Nd = 1016 cm-3

Complete ionization

Freeze-out at T = 0 K



Compensated Semiconductor

: Both donor and acceptor impurity atoms in the same region

Nd > Na : n-type semiconductor

Na > Nd : p-type semiconductor

Na = Nd : intrinsic semiconductor

Charge Neutrality

or

For complete ionization :  

Example 4.9 : Consider an n-type silicon at T = 300K with 

Nd = 1016 cm-3 and Na = 0. ni = 1.5ⅹ1015 cm-3

For Nd≫ ni ,  n0 = Nd



Redistribution of carriers
ni is a very strong function of temperature, 

additional electron-hole pairs are thermally generated 

as the temperature increases.

Example 4.10 : Consider a germanium at T = 300K with Nd = 5ⅹ1013 cm-3 and Na = 0. ni = 2.4ⅹ1013 cm-3

For Nd is comparable to ni ,  n0  is influenced by the intrinsic 

concentration.



Mathematical Derivation

For Nd≫ ni

=



Variation of EF with Doping Concentration and Temperature

=


