
Electro-absorption Modulators
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Optical Modulation
Direct modulation on semiconductor lasers:

Output frequency drifts
carrier induced (chirp) ) (

temperature variation due to carrier modulation
)(

Limited modulation depth (don’t want to turn off laser)

External modulation
Electro-optical modulation (low efficiency)
Electroabsorption (EA) modulation (high-speed, 
low drive voltage, and high extinction ratio applications)
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Direct modulation
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Chirp
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External modulation
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Electroabsorption (EA) Modulator

EA modulator is a semiconductor device with the 
same structure as the laser diode.
In laser diodes, we inject large enough current to 
achieve stimulated emission.  While in EA 
modulator, we apply electric field (reverse bias) to 
change the absorption spectrum.  No carriers are 
injected into the active region.  However, carriers 
are generated due to absorption of light.
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Advantages of External modulation 
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Advantages of EA modulators
Low driving voltage
Low/negative chirp
High bandwidth 
Integrated with DFB
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Schematics of an EA modulator

Waveguide type is more popular.
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Outline
How absorption spectrum changes with applied electric field (effective-
mass approximation)
How extinction ratio of modulation can be enhanced in the quantum 
well (quantum confined Stark effect). 

In telecommunications, extinction ratio (re) is the ratio of two 
optical power levels of a digital signal generated by an optical 
source, e.g., a laser diode. The extinction ratio may be expressed as a 
fraction, in dB, or as a percentage. It may be given by

where P1 is the optical power level generated when the light source is   
on, and P0 is the power level generated when the light source is off.
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Physics behind EA Modulators

How absorption spectrum in semiconductors can be 
changed?

Physical model: effective-mass equation
Single-particle representation
Two-particel representation

Coulomb interaction between electrons and holes: Excitons
Electric field effect: Franz-Keldysh effect
Coulomb+Electric field: DC Stark effect
Coulomb+Electric field+QW: QCSE
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Absorption Spectrum Change under 
Applied Electric Field

Franz-Keldysh Effect
Neglect Coulomb interaction between electrons and 
holes.

DC Stark Effect
Franz-Keldysh effect plus Coulomb interaction between 
electrons and holes (excitons).

Quantum confined StarK effect (QCSE)
DC Stark Effect in quantum wells
Excitons been confined in quantum well.  Stark effect 
enhanced.
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Absorption Spectrum Change under 
Applied Electric Field
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Quantum well modulator
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Stark Effect
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Stark Effect
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Quantum confined StarK effect (QCSE)
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*Effective mass approximation

Electron moving in semiconductor crystal with periodic potential V (r) under 
the influence of a  potential U (r).

Effective mass approximation: if the potential is slowly varying compared to 
the period of the lattice, the above equation can be replaced by effective-mass 
equation as follows (section 4.4.1 and appendix B):

that is the potential causes the envelope of the fast-varying Bloch function to 
change.  Without potential U (r), the envelope (r) reduces to plane wave                   
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Form of U (r)

Franz-Keldysh Effect

                                            Electric field effect

DC Stark Effect (slow-varying approximation only holds for 
Wannier excitons)

                                                        Coulomb+Electric field

Quantum confined Start effect (QCSE) Coulomb+Electric field+QW
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Stark splitting   & Stark shifting

Stark effect 
.

stark shifting stark splitting 
.

Stark effect .
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Stark Effect
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Stark splitting

Stark shifting



Effective mass approximation in 
Two-Particle Representation

Since U (r) is in general a function of both electron and hole, it’s more 
convenient to combine two single-particle equations of motion for 
electron and hole together. 
Effective-mass equation for electrons:

Effective-mass equation for holes:

Add them together 
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Effective mass approximation in 
Two-Particle Representation (cont.)

In the path of generalizing single-particle effective mass equation to 
two-particle effective mass equation, we didn’t make new 
approximations.  
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Validity of Slowly-Varying Approximation
in two-particle representation

Franz-Keldysh Effect

For 5V applied voltage, there is 500kV/cm electric field across 0.1 m active 
region.  The variation of electric field across a lattice site is 500kV/cm x 5.6Å ~ 
0.028V which gives an energy variation of 0.028eV for an electron.
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Excitons

The effective-mass equation for an electron-hole pair is:

We have to sum over all possible interactions between electrons and 
holes.  But if the carrier density is low enough, we can neglect the 
contribution from the rest of the electrons and holes and consider only 
bare Coulomb interaction, that is:
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Interaction
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*Effective-mass equation for Excitons

With the bare Coulomb interaction between electron and hole, we 
have the effective-mass equation for an exciton as follows.

Any central-force problem (i.e. the potential is a function of relative 
coordinate between two particles) can be separated into center-of-
mass motion and relative motion.  
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Center-of-mass motion and Relative 
motion

Effective-mass equation in two-particle representation for 
any central-force problem can be rewritten as follows.

Center-of-mass motion is a free-running solution:
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*Solutions for Excitons

Same as hydrogen atoms (3D or 2D)
Exciton Bohr Radius and Rydberg energy

 

Energy levels: bound states and continuum

Ionization energy for ground state exciton in 2D case is 4 times larger 
than it is in 3D case.  Therefore in QW, it’s easier to form bound 
exciton states.
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Energy of an Orbital

38

Two factors control the energy of an orbital for most 
atoms: the size of the orbital and its shape.

An atomic orbital is a mathematical function that 
describes the wave-like behavior of either one electron or 
a pair of electrons in an atom
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Design considerations for EA modulators

Operation principle
Contrast ratio
Insertion loss
Modulation efficiency
Chirp considerations and optimization
Packaging and Integration
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Contrast Ratio
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Insertion Loss
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