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                                                                       ABSTRACT 

Many-body bandgap renormalization and higher order scattering play a foundational role, providing a 
rigorous, first principles and fully predictive validation tool spanning semiconductor epitaxy design and 
growth to ultrafast nonequilibrium mode-locked pulse dynamics. My talk will focus on presenting a brief 
historical background on the evolution of the SimuLase software tool for epitaxial design and on the current 
state-of-the-art for modeling extreme field driven nonequilibrium dynamics under the influence  of resonant 
and nonresonant driving fields. 

It was exactly three decades ago, that the well known semiconductor line shape  problem was first resolved 
by recognizing that many-body higher order correlations in the microscopic polarization required inclusion of 
diagonal and nondiagonal scattering terms. Following this revelation, microscopic many-body calculations of 
the photoluminescence and Auger losses, further  proved the inadequacy of the sol-called ABC laws. The 
Semiconductor Disk Laser (SDL) (Vertical External Cavity Semiconductor Laser (VECSEL) offers an ideal 
platform for developing high brightness narrow-line single frequency, novel Guidestar/THz/EUV sources 
through intra-cavity frequency generation and ultrafast GHz mode-locked frequency combs. 

Figure 1 illustrates an application to GHz mode-locking where the ultrashort mode-locked pulses collide on 
the saturable absorber mirror (SESAM) to produce record short duration and stable mode-locked outoputs.  

My talk will focus on simulation of mode-locking in novel cavity geometries including multiple V-cavities that 
facilitate wavelength tuning through V-cavity angle variation. When extracting linear optical properties, such 
as those used in SumuLase, it is sufficient to linearize the SBE assuming carriers (electrons/holes) are in 
quasi-equilibrium Fermi distributions. In a mode-locked SDL however, carriers are driven far out of 
equilibrium or quasi-equilibrium Fermi distributions and the circulating fs pulses burn deep kinetic holes that 

Figure 1.Schematic of a ring cavity supporting colliding pulse mode-locking showing counterpropagating spatially 
separated mode-locked pulse trains exiting the cavity. Right: Record short duration 90 fs mode-locked pulse 
autocorrelation with accompanying Frog trace. 



recover after each pass through the cavity. The SBE equations for microcsopic polarization and populations, 
including Hartree-Fock level energy and field renormalizations are: 

                                                

The dephasing, scattering  and carrier fill terms in these equations are extracted from full higher order second 
Born scattering equations describing many-body interactions beyond the Hartree-Fock level. These need to 
be coupled to Maxwell wave equation propagators to simulate pulse propagation along multiple beam paths 
through a common multi-QW periodic gain stack and single QW SESAM absorbers. I will elaborate on the 
various dephasing, carrier filling and spontaneous sources in these equations and discus the need to extend 
beyond to include second Born higher order scattering. 

 

 

 

 

 

                 

 

 

Figure 2 points to the essential need to properly account for man-body Coulomb interactions when treating 
light interaction with semiconductors. It points to the uniqueness of the SDL MQW resonant periodic gain 
micro-cavity in greatly accentuating extreme nonequilibrium modifications of carrier distributions. I will 
discuss the recent extension to coupled V-cavities sharing a common gain medium, where multiple beam 
paths can support stable mode-locked GHz pulse trains operating at distinct central wavelengths. 

If time permits, I will further discuss the extension of the modeling to quasi-2D TMDC materials where huge 
in-plane Coulomb interactions lead to prominent room temperature excitons, huge hundreds of meV 
bandgap reductions and a many-orders of magnitude enhancement of high harmonic generation when a 2D 
material is driven with an ultra short strong detuned ps pulse. 
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Figure 2. Left: Kinetic hole burned in an external pump hot Fermi distribution for 
stable mode-locking. Right: Same situation for unstable mode-locking with the 
pulse driving a transient absorption. 
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