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energy band structure in semiconductors

crystal lattice  ⇒ periodic potential

electron wave function

𝜓  𝑟 = 𝑢  𝑟 𝑒−𝑖𝑘∙  𝑟

….
consequences:
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important distinction:
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radiative processes 
in semiconductors
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conservation principles

energy and momentum:
𝐸𝑖 + ℎ𝜈 = 𝐸𝑓

ℏ𝑘𝑖 + ℏ𝑘𝑝 = ℏ𝑘𝑓

numbers:

electron ℏ𝑘𝑒 = 𝑚𝑒
∗ 3𝑘𝑇

𝑚𝑒
∗ ≈ 1,6 ∙ 10

−26 kgm/s for GaAs

photon ℏ𝑘𝑝 =
ℎ

𝜆
≈ 8 ∙ 10−28 kgm/s     (𝜆=800nm)

ℏ𝑘𝑝 ≪ ℏ𝑘𝑖 and

𝑘𝑓 ≅ 𝑘𝑖
radiative transitions in semiconductor are „vertical”

momentum 
before absorption

ℎ𝜈

𝐸𝑖

𝐸𝑓

momentum 
after absorption

photon momentum

in semiconductors with indirect 
band gap radiative electron-hole 
recombination requires a photon to 
fulfill the momentum conservation 
rule. Thus radiative recombination 
has little probability – we cannot 
have light gain and thus build lasers. 

in semiconductors with indirect 
band gap, e.g. Si absorption is 
allowed. We can build very good 
photodetectors out of Si.



differential density of electron states

𝑘

Pauli’s principle!

if we approximate the shape of the bands around 
𝑘 = 0 by parabolas then (no proof given here):

𝜚𝑐 𝐸 =
2𝑚𝑒

∗ 3/2

2𝜋2ℏ3
𝐸 − 𝐸𝑐

𝜚𝑣 𝐸 =
2𝑚ℎ

∗ 3/2

2𝜋2ℏ3
𝐸𝑣 − 𝐸

𝑚𝑒
∗ electron effective mass

𝑚ℎ
∗ hole effective mass

𝜚𝑣 and 𝜚𝑐 have units 
1

m3J

interpretation:
• for given ∆𝐸 the product 𝜚𝑐 𝐸 ∆𝐸 is equal to 

maximum density of electrons with energy from 
𝐸 − ∆𝐸/2 ÷ 𝐸 + ∆𝐸/2 range.

• the same applies to holes

𝐸𝑐

𝐸𝑣

𝜚𝑐 , 𝜚𝑣

𝐸𝑐

𝐸𝑣

𝐸



Fermi’s distribution

electrons are fermions

𝑓 𝐸 =
1

𝑒
𝐸−𝐸𝑓
𝑘𝑇 + 1

𝐸𝑓 - Fermi’s energy

𝑇 – temperature
𝑘 –Boltzman’s constant

𝐸

𝐸𝑓

𝐸𝑣

𝐸𝑐

𝑓 𝐸10

𝑇 =
𝐸𝑐 − 𝐸𝑣
5𝑘

𝑇 = 0

for 𝐸 > 𝐸𝑐 𝑓 𝐸 - probability of finding an electron at a level with energy 𝐸
for 𝐸 < 𝐸𝑣 1 − 𝑓 𝐸 - probability of finding hole at a level with energy 𝐸



differential density of carriers

differential density of electrons – number of electrons in a unit 
volume (density) per unit energy band 

𝑛 𝐸 = 𝜚𝑐 𝐸 𝑓(𝐸)
1

m3J

differential density of holes
𝑝 𝐸 = 𝜚𝑣 𝐸 1 − 𝑓(𝐸)

density of electrons

𝑛 =  

𝐸𝑐

∞

𝑛 𝐸 𝑑𝐸

density of holes

𝑝 =  

−∞

𝐸𝑣

𝑝 𝐸 𝑑𝐸

in a pure (no doping) semiconductor 𝑛 = 𝑝.

1
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differential density of carriers



doped semiconductors

Two types of dopants: 𝑛 (excessive number of electrons) and 𝑝 (excessive 
number of holes)
𝑛 ≠ 𝑝
In doped semiconductors the Fermi’s level is no longer half-way between 
valence and conduction bands. 
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doped semiconductors with optical pumping or current injection

Two types of dopants: 𝑛 (excessive number of electrons) and 𝑝 (excessive number 
of holes)  𝑛 ≠ 𝑝

interband relaxation is much faster than the decay of electrons  from the 
conduction band. Local thermodynamic equilibrium in any of the two bands is 
reached very quickly. We can define local Fermi’s energies: 𝐸𝑓𝑣 and 𝐸𝑓𝑐
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𝒑 − 𝒏 junction
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+
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+
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𝑝 𝑛

𝑖

𝑈

𝑖 ∝ 𝑒  𝑈 𝑈0

𝑝 − 𝑛 junction

energy bands

density of carriers

𝑈0



polaryzacja złącza 𝒑 − 𝒏

𝑖

𝑈

𝑖 ∝ 𝑒  𝑈 𝑈0

W łączu są obecne równocześnie dziury i elektrony –
możliwa jest rekombinacja promienista –

wzmacnianie światła

energia fotonu ≈ szerokość przerwy energetycznej

𝑈2𝑈1



low-D structures

volume crystal 
(3D)

quantum well
(2D)

quantum wire
(1D)

quantum dot
(0D)

• In a quantum well the motion of electron along the direction 

normal to the well is quantized – the energy levels 

corresponding to this motion are discrete. 

• The number of bound levels depends on the width and depth of 

the well

• The total energy of the carrier is the sum of the energy of 

discrete levels and the Energy of free motion in the two 

directions parallel to the well. 

How can we build low-D structures?  – semiconductor 

alloys

• ……

• For quantum dot all the energy levels are discrete



densities of electron states in low-D structures

𝜚 𝑘 =
𝑘2

2𝜋2

𝜚 𝐸 =
2𝑚 3/2

2𝜋2ℏ3
𝐸
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𝑘

2𝜋

1
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1
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gain lineshape

𝐸𝑐

𝐸𝑣

𝐸

𝐸𝑎

𝐸𝑏

𝜚 𝐸

𝑑𝐸𝑏

𝑑𝐸𝑎

ℎ𝜈

bulk (3D)
momentum conservation

2𝑚𝑒
∗ 𝐸𝑏 − 𝐸𝑐 = 2𝑚ℎ

∗ 𝐸𝑣 − 𝐸𝑎
gives

𝐸𝑏 − 𝐸𝑐 =
𝑚ℎ

∗

𝑚𝑒
∗ 𝐸𝑣 − 𝐸𝑎

and

𝑑𝐸𝑏 = −
𝑚ℎ

∗

𝑚𝑒
∗ 𝑑𝐸𝑎

calculations …
give reduced density of states 

𝜚𝑟 𝜈 =
1

4𝜋2
2𝑚𝑟
ℏ2

 3 2

ℎ𝜈 − 𝐸𝑔

calculations …

𝛾 𝜈 = 𝐵21
𝑛

𝑐
𝜚𝑟 𝜈 𝑓𝑐 𝐸𝑏 − 𝑓𝑣 𝐸𝑎 =

= α0 𝜈 𝑓𝑐 𝐸𝑏 − 𝑓𝑣 𝐸𝑎

absorption lineshape at 𝑇 = 0.

0 ≤ 𝑓𝑐 , 𝑓𝑣 ≤ 1
the gain is possible only when 𝑓𝑐 𝐸𝑏 > 𝑓𝑣 𝐸𝑎
this is an analogue of the population inversion (∆𝑁 > 0) in atoms/ions.
We need both types of carriers: electrons and holes to be present. This is consistent with 
the stimulated emission picture – in order to produce extra photon the hole and electron 
have to be annihilated.



low-D materials

• different formulas for reduced density 

of states, still the result is proportional 

to the densities of carriers

• result: higher densities of states leads 

to higher gain. 

gain lineshape, 2



semiconductor alloys



semiconductor alloys, 2



Light Emiiting Diode (LED)



laser cavities for semiconductor lasers

Two major groups:

1. Lasers emitting at the edges, Fresnel 

reflections of the surfaces that form 

flat mirrors, eventually Bragg

advantage: large powers possible

disadvantage : strongly astigmatic 

output beam

Note that the dimensions of the 

structures are, typically, 𝜇m

2. Surface emitting lasers, Bragg 

mirrors are grown using MBE

disadvantage: low powers

advantage: high beam quality, large 2D 

matrices can be grown on a single wafer



laser resonators for edge emitting lasers

Two methods for creating waveguides:
1. index guiding – the structure of the laser chip forms a waveguide which, 

together with end mirrors forma resonator

2. gain guiding – the waveguide does not exist without pumping, the shape of 
the gain region guides some waves by providing them with the gain larger 
than for other (nonguided) waves. 



1. The tuning components (1D Bragg grating) is 
formed next to gain region on the laser chip. 

optical telecommunications!!!

2. External cavity line narrowing and tuning

from RP Photonics Encyclopedia

narrowband and tuned semiconductor lasers



𝒏 − 𝒑 junction lasers

Historical value only. 
If we apply voltage in the conduction direction a current will flow through the 
junction the band structure will be deformed in such a way that both types of 
carriers can be present in the junction at the same time (condition for gain).

Because of the carriers diffusion those lasers required very high currents, 
typically >10kA/cm2 which results in very strong heating. 



double heterojunction structure lasers

The heterojunction plays two roles
1. Carrier trapping – the electrons 

and holes are trapped in the 
potential minima which facilitates 
radiative recombination and by 
many orders of magnitude lowers 
the electrical current required

2. Different materials with different 
indices of refraction form a 
waveguide.



quantum well semiconductor lasers

An example: 

gain medium 10nm InGaAs quantum 
well 

waveguide – double heterojunction



quantum dot semiconductor lasers



laser diode bar

The power of a single diode laser is 
limited mostly by the limited ability to 
remove heat. Higher powers are 
achieved by stacking many chips and 
providing efficient cooling to each 
individual laser. 



Vertical Cavity Surface Emitting Laser (VCSEL)

• excellent beam quality (TEM00)
• easy to run in a single mode regime

VCSEL laser matrices



hybrid technologies

Dilemma: silicon electronics 
dominates but one cannot build a 
laser with a silicon crystal because 
it has indirect gap.



green semiconductor laser



quantum cascade laser 
𝐸 conduction band

valence band

A single electron can participate in 

many stimulated emission 

elementary processes 

cascade



quantum cascade laser, 2 



lasery z kaskadą kwantową (ang. quantum cascade laser) 



UV semiconductor lasers



UV semiconductor lasers



VIS semiconductor lasers example LASOS






