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Electrons and Holes in Semiconductors



1. Free electron and hole densities 

2. Intrinsic carrier concentration

3. Doping of semiconductors

4. Equilibrium and excess charge carriers



e
n
e
rg

y

∆E

∆E

non-occupied states

occupied states

conduction band

valence band

EC

EC

Eg

energy interval

energy interval



Density of free electrons and holes 
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Density of states
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Delocalization

Free charge carriers do not belong to a chemical bond.
Free charge carriers in an ideal semiconductor are delocalized.
One free charge carrier is delocalized over the whole volume.
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∆x – volume of one delocalized state
One delocalized state occupies the whole volume.



Delocalization and Heisenberg uncertainty principle

hpx =∆⋅∆
Heisenberg uncertainty principle

∆p momentum of an electron in a state
h = 6.626 10-34 Js
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keep in mind: p means here momentum



Kinetic energy of free electrons and holes

increasing kinetic energy 
of a free electron
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increasing kinetic energy 
of a free hole

at EV: Ekin(h) = 0
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Effective mass
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threefold degenerated state

non-degenerated state

states in a cupboard: one 
place can be occupied by 
more than one cup or glass

degeneration: one state 
can be occupied by more 
than one particle

twofold degeneration of 
electron states due to spin-
up and spin-down

tenfold degenerated state

Degeneration 
of states



From the number of states as a function of momentum to the 

density of states as a function of energy 

keep in mind: p means here momentum
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spin degeneration

inverse volume of one state in 
momentum space

for states with p’ ≤ p
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Order of DOS in conduction and valence bands
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Band structure of Germanium

-Heavy and light holes

-For large k deviations from

parabolic approximation

-Constant-energy surface

near the conduction band 

minimum

-Representation by four

ellipsoids

Energy bands of Ge

along [111]



Density of States of Germanium



Band structure of Silicon

Indirect semiconductor

From Ashcroft Merwin, Solid state phyisics

Energy bands in silicon

Constant energy surface

near conduction band minimum



Fermi-Dirac statistics
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The effective DOS
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Densities of free charge carriers
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Effective density of states
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1. Free electron and hole densities 

2. Intrinsic carrier concentration

3. Doping of semiconductors

4. Equilibrium and excess charge carriers



Re-absorption of black body irradiation

semiconductor emits black body irradiation

semiconductor absorbs its own black body irradiation for hν ≥ Eg
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G0 thermal generation rate
of free charge carriers
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Recombination of free charge carriers
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R0 recombination rate

γ’ 'γ→+ +−
he

free carrier concentrations can not increase infinitely

limitation by recombination

000 pnBR ⋅⋅=

R0 is proportional to n0 and p0

B  recombination rate constant



Thermal equilibrium
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Intrinsic carrier concentration

00 pnni ⋅=

in thermal equilibrium
2

00 inconstpn ≡=⋅

ni intrinsic carrier concentration



Intrinsic carrier concentration
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Intrinsic carrier concentration
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Temperature dependence of the 

intrinsic carrier concentration
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Intrinsic carrier concentrations at room temperature

ni(Si) ≈≈≈≈ 1010 cm-3

ni(GaAs) ≈ 106 cm-3

ni(Ge) ≈ 1013 cm-3

*



Intrinsic semiconductor



1. Free electron and hole densities 

2. Intrinsic carrier concentration

3. Doping of semiconductors

4. Equilibrium and excess charge carriers



Impurity in a crystal lattice
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There are impurities which can be incorporated into the lattice replacing a host atom. importance of valence 

with 5 valence electrons

one missing electron

one electron left



Doping of semiconductors

Incorporation of impurity atoms into the crystal lattice of the semiconductor.

Impurity atoms have different valence in comparison to the atoms of the host lattice.

n-type doping

The impurity atom has more valence electrons than needed for bonding.
Impurity atom giving an electron is named donor.
Un-bonded electron can be into the conduction band.

creation of a mobile electron in the conduction band

p-type doping

The impurity atom has less valence electrons than needed for bonding.
Impurity atom taking an electron is named acceptor.
Electron needed for bonding can be taken from the valence band.

creation of a mobile hole in the valence band



Free charge carriers and fixed ionized impurity

−+ +⇔ eDD

+− +⇔ hAA

neutral 
donor

neutral 
acceptor

ionized donor fixed 
in the lattice

ionized acceptor 
fixed in the lattice

free electron in the 
conduction band

free hole in the 
valence band
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Doping of Si
donors: P, As,…

acceptors: B, Al,…

−+ +⇔ ePP

+− +⇔ hBB



Hydrogen model of doping
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Energy levels of some impurities in Si

)(eVEE DC −

Sb 0.039

P 0.044

As 0.049

Bi 0.069

)(eVEE AV +

B 0.046

Al 0.057

Ga 0.065

In 0.16

donors acceptors



Minority and majority charge carriers

00
2

pnni ⋅=
majority charge carriers:

electrons in n-type
hole in p-type

minority carriers:

holes in n-type
electrons in p-type

Example: p-Si, NA = 1016 cm-3

ni(Si) ≈ 1010 cm-3

majority: p0 = 1016 cm-3

minority: n0 = 104 cm-3



Doping range of semiconductors

n0, p0 =   ni …   NC, NV …    1020 cm-3 …

non-degenerate 
semiconductor

degenerate 
semiconductor

solubility 
limit

intrinsic 
semiconductor

for Si from minority to majority: ≈ 20 orders of magnitude
huge change of conductivity (about 10 orders of magnitude for majority carriers)



Doped semiconductor



Energetic levels in doped semiconductors

n-type p-type
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Formulaes for the doped

semiconductor



Doping dependence of the Fermi-level
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3. Doping of semiconductors

4. Equilibrium and excess charge carriers



Quasi-Fermi-levels under illumination



thermal equilibrium
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under illumination
(or non-equilibrium)
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Ideal charge-selective contact

FpFnOC EEVq −=⋅

no losses of potential energy at contacts 
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Origin of VOC
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Concentration ratio of photo generated and minority charge carriers determines VOC.

example: p-type Si
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Example: p-Si under illumination

typical doping range of the base: p0 = 1016 cm-3

n0 = 104 cm-3

typical concentration of photo generated charge carriers

∆n = ∆p = 1015 cm-3
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Temperature dependent separation of quasi Fermi-levels
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Strong temperature dependence of ni is the reason for the decrease of VOC with increasing temperature.


