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Abstract—On our way to develop a multiphysical model of
VCSELs including carrier transport, electromagnetic propaga-
tion, and heat conduction, we discuss some critical aspects of
the adopted multiscale strategy. In particular, we address the
inclusion of non-classical corrections within a classical carrier-
transport framework, and the possibilities offered by rigorous
approaches such as the nonequilibrium Green’s function (NEGF)
towards the determination of some critical parameters, bridging
from the nanometer to the macroscopic scale. This seems a
promising line of action towards the simulation and optmization
of 3D highly nanostructured devices such as VCSELs.

Index Terms—VCSELs, carrier transport, optoelectronic de-
vice simulation, NEGF

I. INTRODUCTION

A realistic model of vertical-cavity surface-emitting lasers
(VCSELSs) should address the complex and entangled interplay
of carrier transport, optical transitions, electromagnetic prop-
agation, and heat conduction: for efficient current injection,
the current-carrying extended states of the system are con-
nected to the localized states populated by carriers interacting
with the electromagnetic cavity modes, whose excitation and
topography depend on the optical response of the active re-
gion. Although VCSELSs are admittedly highly nanostructured,
they really are three-dimensional macroscopic structures that
typically don’t lend themselves to a fully quantum kinetic
treatment. Considering the staggering computational cost of
quantum kinetic approaches, one viable solution to the mod-
eling of the spatial and temporal dynamics of VCSELs seems
to be a drift-diffusion transport approach complemented with
appropriate quantum models validated by NEGF tools. The
most complete multi-physics VCSEL simulators are probably
the ones developed at ETH Zurich [1], [2], later included in
Synopsys Sentaurus Device [3], and at Georgia Tech [4], [5].
In an effort to advance in this field, we are currently develop-
ing a comprehensive VCSEL electro-opto-thermal numerical
simulator. Our multiscale/multiphysics model includes (i) a
quasi-3D drift-diffusion code based on an axisymmetric FEM
basis to describe vertical carrier transport across the distributed
Bragg reflectors (DBRs) and through the oxide-aperture, (ii)
quantum corrections in the “quantum” region of the device
including a Poisson-Schrédinger solver to account for quantum
confinement and rate equations connecting 3D barrier states
with 2D quantum well states [6]-[8], with an educated guess
of the coupling parameters inspired by nonequilibrium Green’s
function (NEGF) simulations of the active region of the
VCSEL [9], (iii) a full-wave EM model based on coupled
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Fig. 1. Band diagram of a GaAs-based VCSEL above turn-on. The active
region is just a small portion of the whole device whose position is marked
by a dashed vertical line. The inset shows a zoom of the band diagram in the
active region, which includes three quantum wells

mode theory, which provides threshold gains and the spatial
pattern of cavity modes, complemented with (iv) a material
gain model, and (v) a heat transfer model describing the
impact of thermal effects on the shift of the lasing wavelength,
threshold currents, and optical power. All the above models are
iteratively solved until self-consistency is achieved.

II. RESULTS

Carrier transport across the DBRs is one the most critical
ingredients of the VCSEL model [10]. DBRs are graded super-
lattices constituting the majority of the VCSEL volume, as the
band diagram of Fig. 1 clearly shows. Carrier transport across
the active region is complemented with photon rate equations
to couple the optical modes with the confined populations in
the active region and additional drift-diffusion equations to
describe the lateral currents in the quantum well plane for
the inclusion of spatial hole burning effects, see Fig.2 for a
typical current density distribution. We coupled this “quantum-
corrected” DD code to a full-wave electromagnetic solver
based on the expansion of the electromagnetic field in terms
of the complete basis of the TE and TM modes of the cavity
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Fig. 2. Vector plot of the current density in a VCSEL.

medium in cylindrical coordinates, where all deviations with
respect to the reference unperturbed structure are accounted by
coupled-mode theory [11]. (This model has been successfully
applied to several advanced VCSEL designs [12]-[15].) The
requirement that the solutions of the electromagnetic problem
match the optical response of the active region provides a self-
consistent mechanism for the selection of the lasing modes.

The modal gain, which couples the carrier transport and
optical models, is computed with the Fermi Golden rule
(FGR), and validated by means of NEGF simulation. The inter-
actions included in the NEGF approach are carrier-phonon and
carrier-photon scattering. All self-energies are fully nonlocal
and computed in the self-consistent Born approximation [16].
Inclusion of carrier-carrier interactions beyond the Hartree
level is necessary to describe excitonic effects in the optical
spectra and will be part of future work. The subband dispersion
of the active region shown in Fig.3 (left) is computed with
a multiband 4 x 4 k - p approach [17]. The gain/absorption
coefficient computed within the NEGF framework (red dashed
lines) matches closely the FGR result (blue lines), up to
the effects of a finite broadening, which is described by a
phenomenological dephasing constant in the FGR approach,
see Fig.3 (right).

The thermal rollover is a crucial effect in VCSEL operation,
because it limits the available optical power. This appears to
be the most complex phenomenon to be correctly reproduced,
because it is ruled by the entangled temperature dependence
of the different recombination terms, in particular Auger
recombination [18]-[20].
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Fig. 3. Left. Subband hole dispersion of a typical active region as a function
of the transverse wavevector, computed with a multiband 4 x 4 k- p approach.
Right. The gain/absorption coefficient computed within the NEGF framework
(red dashed lines) matches closely the FGR result (blue lines), up to the effects
of finite broadening, which are included in the FGR formalism by means of
a phenomenological dephasing constant.
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