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A realistic steady-state ab-initio laser theory (SALT), based on the work of Türeci et. al. [1, 2], is
formulated and tested on an exemplary complex laser cavity. In this theory, the steady-state laser
equations are solved self-consistently with exact outgoing boundary conditions. This frequency-domain
approach is computationally more efficient than finite-difference time domain (FDTD) simulations, as
there is no need to time-step to the steady state.

We have added several important pieces to the SALT [4]: (i) a novel basis set that naturally incorporates
the effects of non-uniform index and/or gain, allowing the laser modes to be computed efficiently; (ii) a
“single-pole approximation” allowing high-Q above-threshold modes to be computed without a non-linear
solver, by keeping each mode’s frequency and structure fixed after it first turns on (unlike third-order
theory [3], this holds well above threshold); and (iii) the use of a realistic four-level gain medium instead
of two-level atoms.

The improved SALT is applied to a 2D TM model of a photonic crystal surface-emitting laser (PCSEL)
[5]. In comparison with FDTD simulations, the laser frequencies agree to within 4% and the thresholds
to within 9%, much of the difference being attributable to the limited FDTD resolution achievable in
this complex geometry; furthermore, the single-pole approximation remains accurate for pump strengths
three orders of magnitude above threshold [6]. These results point the way to using the SALT as a tool
for simulating realistic complex microfabricated laser cavities.
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FIG. 1: Output power of a
photonic crystal surface-emitting
laser, calculated using steady-
state ab-initio laser theory (solid
curves) and finite-difference time
domain (circles). Upper inset:
schematic of device. Lower inset:
computed steady-state electric
field for the lasing mode.
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