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Semiconductor Optics: Semiclassical Theory

MAXWELL'S WAVE EQUATION
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Hamiltonian

H = HO + HCouI + Hdip + thon

H, single particle (band structure)
Heow ~ Coulomb interaction between carriers

dip dipole interaction with optical field

ohon  cCarrier phonon interaction (LO phonons)



Semiconductor Bloch Equations
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 nonlinearities: phase-space filling, gap reduction, Coulomb enhancement

» correlation contributions: scattering, dephasing, screening



Luminescence Analysis

Input:

* nominal structural parameters

« experimental luminescence spectra at some moderate intensities
Analysis:

calculate ideal, homogeneously broadened luminescence spectra
for given structure

!

compare to experimental luminescence



Luminescence Analysis

» sample with three quantum wells
« nominal composition: 5nm Ga(.8)In(.2)As/GaAs
« sandwiched between n and p doped buffer layers

experiment: 12, 16, 18, 21, 24 mW
theory: 0.1, 0.17, 0.23, 0.3, 0.4, 0.53, 0.68, 0.86 10"2cm?

no broadening, no shifting
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* needed: slight adjustment of composition
« inhomogeneous broadening




Luminescence Analysis

Input:

* nominal structural parameters
« experimental luminescence spectra at some moderate intensities

Analysis:

calculate ideal, homogeneously broadened luminescence spectra
for given structure

A\ 4

compare to experimental luminescence

A\ 4

determine from deviations the inhomogeneous broadening, actual
structural parameters, quality of device

!

use optimized parameters to calculate gain/absorption spectra,
refractive index, differential gain, linewidth enhancement factor, ...




Luminescence Analysis

» sample with three quantum wells
« nominal composition: 5nm Ga(.8)In(.2)As/GaAs
« sandwiched between n and p doped buffer layers

experiment: 12, 16, 18, 21, 24 mW
theory: 0.1, 0.17, 0.23, 0.3, 0.4, 0.53, 0.68, 0.86 10"2cm?

broadening: 2.8meV, shift; - 6.0nm
4 . . .
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« good fit to experiment yields actual composition
* less In (0.19) or thinner (- one monolayer)




Test of Predicted Gain Spectra

* independently measured gain spectra
* NO additional fitting!

experiment: 5.0, 6.0, 6.5, 7.0, 7.5, 8.0, 8.6, 10.0 [mV]
theory: 1.0, 1.125, 1.25, 1.375, 1.5, 1.625, 1.75, 1.875 [10"?cm?]

broadening: .8meV, shift: - 6.0nm
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* very good theory/experiment agreement
« verification of microscopic theory
* predictive capabilities




modal gain [1/cm]

Gain in Simpler Approaches

(5nm Ga(.8)In(.2)As/GaAs pin-MQW)

Microscopic calculation
without knowing the experiment:

broadening: 9.8meV, shift: -6.0nm
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Relaxation rate calculation
fit to experiment:

experiment: 5.0, 6.0,6.5,7.0,7.5, 8.0, 86, 10.0 [mW]
theory: 1.000, 1.125, 1.250, 1.375, 1.500,1.625, 1.750, 1.875, 2.000 [10*12/cm*"2]

broadening: 9.8meV, shift: -10.0nm, scale: *2
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— SP theory
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 can reproduce measured gain spectra with limitations

 cannot predict gain spectra



Nonequilibrium vs equilibrium calculation

Electron Density
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Carrier Dynamics in Semiconductor Quantum Wells
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Extraction of Effective Relaxation Times

Electron Density -

Energy (meV)

Phonon replica

C

_‘8 0.20 v T T T T T T T T T
3 Ofs
'_% 25fs
L 015t —— 50fs
% 75fs
= ——100fs
£ 010t —— 250fs
=

o

Y

c - _
S 0.05

©

>

L 0.00 T - —
- 0 100 150 200 50 300

Maximum Height

0.15

0.10

0.05

0.00

Electrons

Holes

100

200 300
Time (fs)



Extraction of Effective Electron Hole Scattering
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» Simple evaluation
» Exponential fits work well

1 good measure for scattering times




Typical Effective Electron-Hole Scattering Times
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» Hole scattering faster than electron scattering because of larger effective mass

« Slight variation of scattering times with excitation energy (band structure vs
availability of scattering partners)

» Little difference between Type | and Type |l Structure




Electron-Phonon Scattering Times

Relaxation time for coaqling of a 400K plasma in a 300K phonon bath
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« Extraction of times from change in plasma temperature

 Accelerated scattering time at low excitation energies due to different electron and hole
temperatures

* Interaction effects between carrier-carrier and carrier-phonon scattering???




“Microscopic Rate Equation Model”

» To go beyond Hartree-Fock approximation, scattering terms have to be included
» Microscopic calculations are possible, but time consuming
= Nonequilibrium gain model for scattering with microscopically calculated

scattering rates

 Laser cavity represented by cavity relaxation rate



Scattering Terms

1
g — f(ug, Tp) ) — —— [nf — f7 (i, T0)]
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Parameters

- Relaxation rates are obtained by fits to microscopic calculations
 fi(#p,Tp) is calculated considering energy and particle conservation
« fe(ui,T1) is calculated considering particle conservation

* Band structure 1s taken from microscopic calculations (k*p model)




Electron Distribution

Comparison of Microscopic and Relaxation Rate
Calculation

(black — microscopic calculation,

red — relaxation rate calculation)
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 Relaxation rate MUST be deduced from microscopic calculations for each set of
parameters (structural parameters, temperature, excitation energy and density)

» Relaxation rate calculation uses significantly less cpu time than microscopic calculation

=» Possibility of cw calculation



Laser Switch-on - Density Distribution
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* Distinct kinetic hole in electron distribution

« Small kinetic hole in hole distribution due to faster scattering time




Laser Output (MW/cmz)
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* Large overshoot at lasing onset

» Later stable state is reached
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Laser Switch-on — Transient Gain
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* Initial absorption turns into gain

« Maximum gain at intensity overshoot




Summary

* predictive microscopic theory

« application to semiconductor laser gain media

* luminescence based laser predictions

* nonequilibrium gain, laser dynamics

« fully microscopic nonequilibrium model possible, but limited by
cpu time

» extraction of effective scattering rates from microscopic
calculation allows calculation of nonequilibrium gain without the use
of phenomenological parameters

 overshoot at switch-on leads to strong kinetic hole, especially in
electron distribution

« significant nonequilibrium effects far from threshold
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