
1

Laser Physics Laser Physics 1199..
Semiconductor lasers Semiconductor lasers 

MaákMaák PálPál

Atomic Physics DepartmentAtomic Physics Department



2 Laser Physics 19

Semiconductor lasers
Basic properties

• Operation between conductive and valence bands of the 
semiconductor material

• Direct current pumping
• Efficiency typically > 30%
• Small dimensions (0.1 x 1-2 x 150-200 µm3 volume, cross section 

in the range of µm2)

Semiconductor materials – energy bands, charge carriers
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Semiconductor materials – energy bands, charge carriers (cont.)

Energy of free electrons depends on p:

E – k relation is a simple parabola!

In semiconductors electrons and holes move „freely” within the bands. 
Schrödinger-equation and the crystal structure determine their movements. 
E – k is a periodic function of the k components: k1, k2, k3. When a1, a2, a3
are the lattice constants, the periods are / a1, / a2, / a3. 

Close to the edges the E – k function is nearly a parabola:
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Semiconductor materials – energy bands, charge carriers (cont.)

approximation

Semiconductor lasers
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Semiconductor materials – energy bands, charge carriers (cont.)

Basic difference between Si and 
GaAs considering interaction with 
light!

Photon momentum << electron 
momentum! In indirect band gap 
semiconductor the recombination is 
not possible with only a photon 
emission!

Indirect band gap!

direct band gap!

Semiconductor lasers
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Semiconductor materials

Photon emission in indirect and direct band semiconductors:

Probability of transition 
in silicon ~10-5, Eg = 1.11 eV

indirect transition (e.g. in Si)              direct transition (e.g. in GaAs)

Semiconductor lasers

Eg = 1.42 eV
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Materials of semiconductor lasers

Semiconductor lasers
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Semiconductor materials – probability of occupancy, thermal equilibrium

At T = 0 K the electrons occupy the lowest energy states (acc. Pauli 
exclusion principle), the valence band is completely filled, the conduction 
band is completely empty. With increasing T, electrons to the conduction 
band, leaving empty states (holes) in the valence band.
The probability that E state
is filled (Fermi function):

The probability that E
is empty:

Ef is the Fermi energy, at T = 0 K is the limit of filled and unfilled levels. At 
any other temperature the probability of occupancy at the Fermi energy is 
f (Ef ) = ½. In semiconductors without doping the Fermi energy is 
approximately in the middle of the band gap in thermal equilibrium.
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Quasi-equilibrium carrier concentrations

An external electric current or photon-flux density causes band-to-band 
transitions, and then quasi-equilibrium evolves in both the conduction and 
valence band due to interband transitions, the intraband relaxation time is
~10-13 s (the radiative electron-hole recombination time is 10-9 s). Two 
separate Fermi levels can be used for each band: Efc és Efv.

Semiconductor lasers
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Absorption, emission, and gain condition

Excited direct band semiconductor in quasi-equilibrium with two Fermi level.                                           
is the transition, where E2 and E1 are in the conduction and 

valence band, resp. 

Emission condition: E2 is filled, E1 is empty
Absorption condition: E2 is empty, E1 is filled
The emission will be dominant, if
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Pumping – p - n junction in forward bias

First semiconductor laser (1962) was a homojunction GaAs laser, operated 
at T = 77 K. Homojunction – same basic material with two different dopings
(p and n)

Donor and acceptor 
concentration 

~1018 atoms/cm3

Semiconductor lasers
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p - n junction in contact without bias

In thermal equilibrium at T > 0 K

Electrons and holes diffuse from high to 
low concentration areas, resp. Electrons 
diffuse away from the n-region into the 
p-region leaving behind positively 
charged ionized donor atoms, in the p-
region they recombine. Holes vice 
versa. Depleted region of ~ 0.1 µm 
thick containing fixed charges and a 
built-in potential difference V0 that 
obstruct the diffusion. 

Single Fermi function for the entire 
structure, no net current flows across 
the junction.

logarithmic scale

Semiconductor lasers
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Forward biased p – n junction (homojunction)

The + voltage applied to the p-
region compensates the field 
charges and begins the flow of 
electrons (holes) toward the 
depleted region. The Fermi 
levels separate under bias 
voltage of V (eV ~ Eg) and 
population inversion evolves. 
For appropriate value of the 
current density the gain 
condition can be achieved.

Problem: diffusion of electrons 
(and holes) to the p (and n) 
region! 

eV

d

thickness of the junction region d >> depleted region

Semiconductor lasers
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Forward biased p – n junction (homojunction, cont.)

The thickness of the junction region (d) can be determined by the diffusion 
theory:
D is the diffusion coefficient, is the electron lifetime (electron-hole 
recombination time). In GaAs D = 10 cm2/s and  3 ns, d ~ 1 – 2 µm, 
much larger than the width of the depleted layer (~ 0.1 µm).

Limitations: 

1. Because of the large active volume, high operation current is needed, 
the threshold current density Jth ~ 105 A/cm2 (Troom), therefore cw 
operation at cryogenic temperature (T = 77 K, liquid N2).

Dd

Cheap laser diode: the resonator 
mirrors are the cleaved end faces of 
the semiconductor crystal:

nGaAs= 3.6

32.0
6.4
6.2

1n
1nR

22
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Forward biased p – n junction (homojunction, cont.)

Limitations (cont.):

2. Because of the diffraction the beam width is much larger than d (~ 5 µm)
significant absorption loss in the p and n regions (only small confinement of 
the beam: the refraction index of the junction region is larger with 0.1 – 1% 
because of the excess electrons)

Semiconductor lasers
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Heterojunction lasers (from 1970)

Goal: to decrease the losses due to diffusion of the carriers and due to the 
light absorption. Carrier and light confinement with multiple layers of 
different band gap and refractive index.

Double-heterostructure (DH) laser: layers (a), energy bands (b)

E.g.: 2. cladding layer n-Al0.3Ga0.7As
4. cladding layer p-Al0.3Ga0.7As

n3 = 3.6; n2 = n4 = 3.4

n ~ 6%

Eg3 ~ 1.5 eV, Eg2 = Eg4 ~ 1.8 eV

Potential barrier around layer 3!

Semiconductor lasers
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Double-heterostructure (DH) laser (cont.)

Advantages of DH laser:

1. width of the active layer is determined by the layer structure and 
not by the diffusion 0.1 – 0.2 µm is feasible

2. the absorption loss decreases because of the waveguiding effect 
and the different band energies of the surrounding layers

Result: threshold current decreases cw at Troom is feasible

Preparation of DH layers - requirement:

the lattice period of the active layer must equal (within ~ 0.1%) that 
of the cladding layer. Otherwise dislocations form nonradiative 
recombination that causes loss and increases the threshold 
current density!!!
(atomic radii of Ga and Al are almost the same)

Semiconductor lasers
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Gain guided and index guided lasers

The threshold current decreases when the active region is surrounded from 
four directions with different type layers – buried heterostructure laser. 
Lateral confinement of both the current and photon flux. New layer type is 
the insulator. Typical width is 1 – 2 µm.
Two types: 
1. gain guided  – carrier concentration with different band gap and insulator 

layers 

Semiconductor lasers
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Gain guided and index guided lasers (cont.)
Two types (cont.): 
2. index guided   – optical waveguide is created with the buried high 

refractive index active layer, light concentration

Semiconductor lasers
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Laser diode packaging
built-in photodiode

Brewster- window

Semiconductor lasers
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Properties of laser diodes: light output – current characteristics

Temperature dependent characteristics of a 
GaAlAs laser diode

Semiconductor lasers
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Properties of laser diodes: temperature dependent threshold current 
density and wavelength

Semiconductor lasers
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Properties of laser diodes: spectral output

Wavelength difference between consecutive longitudinal modes: m, if L is
the length of the resonator, n is the refractive index of the material

q = 1, 2, 3, … integer

Since q is very large we may regard it as a continuous variable, a change in 
q ( q) is related to the change in ( ):

m (| | when q = 1):

neff is much larger than n in the semiconductors!
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Properties of laser diodes: spectral output (cont.)

(a) below threshold (LED, I=35 mA

(b) above threshold (laser), I=39 mA

Typical spectral width of a GaAs 
LED is 30 nm, therefore below
threshold ~ 100 longitudinal
modes oscillate.

Above threshold much less modes
in m distance.

When neff (GaAs, =0.85 µm) ~ 4

Emission 
spectrum of 
a GaAlAs 
laser

Ith=37 mA

nm..
Lneff

m 30
1030042

10850
2 6

262
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Properties of laser diodes: divergence

The output beam diverges largely because of the small asymmetric emitting 
area (comparable in size with the wavelength), the divergence angles differ 
in the direction parallel ( ) and perpendicular ( ) to the junction plane -
elliptical  Gaussian beam. ~ 20 - 30 , ~ 5 - 10 for cheap lasers.

The beams in these two orthogonal directions originate from different point 
on the axis of the laser, property known as astigmatism. The astigmatism of 
index-guided lasers is much lower.

0.1- 0.2 µm

Semiconductor lasers
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Semiconductor lasers - applications

Source: Laser Focus World February 2008
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Semiconductor lasers – applications
1. Optical communication

Ref.: G. P. Agrawal, Fiber-Optic Communication systems

Increase of the bit rate distance product 
BL for different communication
technologies over time.

High speed coaxial systems need 
repeater spacing of ~1km.

Need for Fiber Optical Communication

Idea: Charles K. Kao in 1965, Nobel 
Prize in 2009!

A figure of merit of communication 
systems is the bit rate – distance 
product, BL, where B is the bit rate
and L is the repeater spacing.
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Semiconductor lasers – applications
1. Optical communication
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Semiconductor lasers – applications
1. Optical communication

Bit-rate distance product (BL) for different 
generations of optical communication systems.

1. Generation: 
= 0.8 µm

2. Generation:
= 1.3 µm

single mode 
fiber

3. Generation:
= 1.55 µm 
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Semiconductor lasers – applications
1. Optical communication

Attenuation of a single mode fiber per kilometer

Low loss „windows” of glass fibers

1310 nm
1550 nm

water peak

Rayleigh 
scattering
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Semiconductor lasers – applications
1. Optical communication

Fiber types
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Semiconductor lasers – applications
1. Optical communication

3. Generation: 

Main disadvantage: the optical signal is transferred to an electrical 
signal, the signal is regenerated and amplified 
before the signal is again transferred to an optical 
signal.

4. Generation: development of the optical amplifier

Schematic sketch of an erbium-doped fiber amplifier (EDFA).
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Semiconductor lasers – applications
1. Optical communication

4. Generation: State of the Art optical communication system

Dense Wavelength Division Multiplex (DWDM) in combination of optical 
amplifiers. The capacity doubles every 6 months. 

The current laboratory fiber optic data rate record is multiplexing 155 channels, 
each carrying 100 Gb/s over a 7000 km fiber (Bell Labs in Villarceaux, France).
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Semiconductor lasers – applications
2. Optical data storage

Capacity enhancement in different optical data storage devices
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Semiconductor lasers – applications
2. Optical data storage (cont.)

)sin(nNA

Scale of data density:
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Semiconductor lasers – applications
2. Optical data storage (cont.)

Example: CD

Typical CD-head
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Semiconductor lasers – applications
2. Optical data storage (cont.)

Focusing

Example: CD (cont.)

Focusing

laser beam

cylindrical lens

side view

top view

detector place

Focus error signal:

FE = (A+C) – (B+D)

Sum signal:

HF = A+B+C+D
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Semiconductor lasers – applications
2. Optical data storage (cont.)

Focusing (cont.)
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Semiconductor lasers – applications
2. Optical data storage (cont.) Example: CD (cont.)

Tracking

main spot

guiding spot

guiding spot

optimal position
the spot is

left right
from the optimal position

~

~

Tracking error signal:

TE = E – F



40 Laser Physics 19

Semiconductor 
lasers –
applications

2. Optical data 
storage (cont.)

Fabrication of CD disk

Polished and cleaned 
glass plate

Photoresist coating

Writing information with a blue 
laser

Removing exposed area

Ag sputtering

Fabrication of a metal master

Injection molding with the 
master

Polycarbonate substrate

Coating with Al reflecting 
layer

Protective layer Information side

Side of reading
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Semiconductor lasers

Source: Laser Focus World February 2008
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