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VECSEL Modelling Challenges
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* laser losses
« optical pumping = input of carriers and kinetic energy
» nonequilibrium carrier distributions, nonequilibrium gain

» dynamic response .....




Motivation

simple models: easy to use

« often poorly controlled, ad hoc assumptions
« rely on major experimental input
 (semi-)empirical fits of experimental data

« many and adjustable parameters

« limited potential for predictions

microscopic theory: numerically demanding

« systematic approach based on fundamental physics

« controlled approximations

predicts experiments

wide range of applicability

can be used as basis for controllably simplified models

Microscopic Semiconductor Bloch Equations

correlation contributions

HF field renormalization

HF energy renormalization

« nonlinearities: phase-space filling, gap reduction, Coulomb enhancement
« correlation contributions: scattering, dephasing, screening




Second Born-Markov Approximation:
Coulomb and Phonon Scattering

quasi-equilibrium:

detailed balance

Fermi-Dirac distribution:

Excitation Induced Dephasing

Re G(t) ... diagonal dephasing . .
generalized T, time Re G .(t) ... off-diagonal dephasing

Im G(t) ... diagonal energy shift Im G,.(t) ... off-diagonal energy shift
generalized band-gap shift

. and are calculated from all terms quadratic in the
screened Coulomb interaction

« strong compensation between diagonal and off-diagonal terms

excitation saturation: Jahnke etal., PRL 77, 5257 (1996); gain calculations and much m ore:
Haug/Koch, Quantum Theory of the Optical and Electr ~ onic Properties of Semiconductors,
5th edition, World Scientific Publ. (2009).




Lineshape Problem
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« gain of two-band bulk material

« nondiagonal scattering contributions modify lineshape,
no absorption below the gap

Hughes, Knorr, Koch, Binder, Indik, and Moloney
Solid State Comm. 100, 555 (1996)

Application to Sb-Materials

10 nm Gg 7gNg 2.5b QW, A}, ;Gay 7AS) oSk o5 barriers
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« calculation of bandstructure, dipole and Coulomb matrix elements




Density Dependent Optical Absorption

10 nm Gg 7gNg 2.5b QW, A}, ;Gay 7AS) oSk o5 barriers

increasing
excitation densities
from 2 x 10 °® cm2
to

« saturation of absorption for high densities

* negative absorption for high densities

Optical Gain: Theory and Experiment

laser structure consisting of three 10 nm Ga, ,.Sb / Al {Ga, ASq Sk s QW
T=280K
increasing excitation

excitation densities
assumed in the model
from 0.65 to 1.0 x 102 cm

excitation currents in the experiment
from 12.7 to 22.8 mA

MICROSCOPIC THEORY

EXPERIMENT experiment:
M. Rattunde, N. Schulz, J. Wagner

* modal gain = optical confinement factor ( 6 %) x material gain
 experimental gain via Hakki-Paoli method

Biickers et al. , Appl. Phys. Lett. 92, 071107 (2008)




Gain Analysis |

excitation densities from 1.0 to 2.0 x120n?

T=280K

(Galn)Sb (Galn)Sh

(Galn)As (Galn)As

« quite large gain amplitude in the (Galn)Sb system

* maximal gain amplitude at the fundamental transition around 1.94 m
saturates at a value of about 2500/cm in the (Galn)Sb system

« analysis by comparison to standard (Galn)As structure

Gain Analysis Il

(Galn)Sb
(Galn)As

(Galn)Sb T=280K

/ shifted
(Galn)As
(Galn)As
relatively high gain in the (Galn)Sb system results from:

(i) low band gap
(i) low hole mass (electron and hole mass almost equal)




Semiconductor Luminescence

where is proportional to dipole matrix element and mode
strength at the QW position

Semiconductor Luminescence Equations

photon assisted interband polarization

incoherent source

coherent source

feedback (cavity) Q*"™

excitonic signatures




Gain/Absorption and Luminescence

5nm Ga,.In ,As/GaAs pin-MQW

0.8" 0.2
gain: theory: 1.0, 1.125, 1.25, 1.375, 1.5, 1.625, 1.75, 1.875 PL: theory:0.17, 0.30, 0.40, 0.53, 0.68, 0.86 [10'2/cm?]
experiment: 6.0, 6.5, 7.0, 7.5, 8.3, 9.0 [mA] experiment : 12, 16, 18, 21, 24 [mW]

Losses in Semiconductor Lasers

classical parametrization of loss current J, ..

N Ty

defect-recombination ~ spontaneous emission  Auger recombination non-capture, escape

w;
*Jﬁk 5 k N

usually negligible in high absent in optically

quality crystal growth pumped devices

problems with A, B, C - parametrization:

parameters only very roughly known and only for special ca ses;
depend on well- and barrier-materials, layer widths, temperature s, densities...

simple density-dependence far from reality




Spontaneous Recombination Current

‘ linear N dependence at high densities

Auger Recombination

Quantum-Boltzmann scattering
in 2. Born-Markov approximation:

Impact lonization \

Auger Recombination /V




Auger Recombination: Examples

q increase far less than cubic with N,
sometimes even less than quadratic

Laser Losses

10 nm Gg 7gng 2;5b QW, A} (Gay 7AS) oSy g barriers

« classical parameterization
valid only for low densities (below transparency, not under laser conditions!

)
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VECSEL Modelling
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« optical pumping = input of carriers and kinetic energy

* thermal management

» nonequilibrium carrier distributions, nonequilibrium gain
» dynamic response .....

Thermal Modelling

* optical pumping = heat generation in quantum wells
* heat diffusion to cooling elements
* heat spreading ...
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Gain Peak vs. Cavity Resonance Tuning
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Thermal Shut-Off

« optical pumping = input of carriers and kinetic energy
« thermal shut-off (usually determined by Auger losses)
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Nonequilibrium Effects: Well Pumping

« dynamics of electron and hole distributions
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« distinct kinetic hole in electron distribution

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

Gain Dynamics
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« initial absorption turns into gain

« transient gain overshoot
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Carrier Temperature and Laser Intensity
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Summary

« predictive microscopic theory

* application to semiconductor laser gain media

* gain, luminescence, Auger consistently
evaluated at second Born-Markov level

* nonequilibrium gain, laser dynamics

References and more informations:
http://www.physik.uni-marburg.de (look for: semiconductor theory)

http://www.nlcstr.com
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High Brightness OPSL Closed-Loop Design Cycle
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OPSL Design Strategy

Pump schemes: OPSL Mirror:
1. Barrier pump single pass absorption 1. Exploit sub-cavity resonance
2. QW pump — multi-pass absorption 2. AR-coat - reduce gain,

no critical alignment

Window layer
-Electronic
confinement

Edge versus Surface PL

 temperature dependence
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