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I. I NTRODUCTION
Tunnel junctions (TJs) are very interesting in the optoelectronic devices whose performance are affected by the poor
transport properties of holes. This is for example the case of
vertical-cavity surface-emitting lasers (VCSELs), where TJs
could allow to eliminate most of the p-doped regions, reducing
the device resistance and improving both the VCSEL power
consumption and modulation speed. Moreover, transverse
current confinement could be engineerized through selective
etching [1], [2] or wafer-fusion processes [3] replacing the
critical wet oxidation fabrication step.
Even though a rigorous model of TJ-based (opto)electronic
devices should describe the entangled interaction between the
extended current-carrying states with the localized states involved in spontaneous/stimulated emission processes, the huge
computational cost of a genuine quantum-kinetic approach
applied to a whole device at present is prohibitive. This is why
scientists developed quantum-corrected semiclassical models,
where drift-diffusion pictures describe transport in the bulky
regions, and local corrections are introduced where quantum
effects are present [4], [5], [6], [7]. With reference to the
quantum tunneling model proposed in the seminal work of
Kane [8], local [9], [10] and non-local [11], [12] models
have been successfully applied to silicon devices. However,
their application to other material systems is quite debated for
numerical stability issues [13], for their possible inadequacy
in modeling forward-bias tunnel junctions [14], or for carrier
generation saturation issues [15].
Still on the basis of the semiclassical-founded multiscale
strategy, in this paper the Kane-like tunneling models are replaced with genuine quantum-kinetic computations performed
with a non-equilibrium Green’s function (NEGF) solver and
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Abstract—In this work we investigate carrier transport in
tunnel junctions for vertical-cavity surface-emitting lasers by
a novel self-consistent simulation framework for semiconductor
quantum devices. Based on a Poisson-drift-diffusion foundation,
in this approach quantum features are described through a
nonequilibrium Green’s function formalism. The simulator is
validated through a comparison with experimental results.
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Fig. 1. Simulated band diagram of the device under analysis at 2.3 V bias.
The conduction and valence band edges are indicated with solid blue and red
curves, respectively. The electron and hole quasi-Fermi levels are indicated
with dashed magenta and brown lines, respectively. The TJ is the np junction
closed in the green rectangular box. The black diamond markers indicate the
quasi-Fermi levels at the boundaries of the NEGF simulation window, which
is magnified in the top-left inset. Here, the blue cloud indicates the energyresolved total current, where dark blue indicates 4×104 A cm−2 eV−1 levels.
Superimposed on it, one can find the estimated GNEGF (green line), whose
peak value is about 7 × 1028 cm−3 s−1 .

coupled self-consistently to drift-diffusion (DD). This technique is applied to a preliminary test structure for TJ-VCSELs,
achieving good agreement with the experimental results.
II. M ETHODOLOGY AND RESULTS
The DD equations are solved over the whole device, with
a Scharfetter-Gummel discretization scheme to ensure numerical stability [16], [17]. Considering that the simplest band
structure providing a reasonable description of band-to-band
tunneling is a 4-band k·p (including electrons, light and heavy
holes, and split-off bands), the staggering computational cost
allows to include in the Hamiltonian only the portion of the
band diagram where quantum effects are relevant, which in
this work is the tunnel junction. Open boundary conditions are
enforced at the ending sections of the considered band diagram
cuts, which are accounted for by means of boundary self-

states participating in the interband tunneling process [22],
[23].
Fig. 2 shows the simulated (solid curve) and measured
(circles) IV characteristics, where a 6 Ω series resistance was
included to account for non-ideal contacts and substrate. The
agreement between theoretical and experimental results, which
has been obtained with no fitting procedure except from a
tuning of the n++ and p++ doping levels, validates the
proposed NEGF-DD coupled approach.
At present, NEGF has been coupled to the 1D Driftdiffusion 1D ANAlysis D1ANA [24]. Future developments
will deal with its application to the quasi-3D multiphysics
simulation, in the framework of the Vcsel Electro-opto-thermal
NUmerical Simulator VENUS [25].
Fig. 2. VI characteristics of the device under study. Simulation and experimental results are reported with blue solid curves and red open bullets,
respectively.

energies [18], [19]. These self-energies are computed assuming
to have the contacts at equilibrium. This allows to describe the
energy distribution of the injected charge with a Fermi-Dirac
distribution, where the quasi-Fermi levels are those obtained
from the DD solution, evaluated at the NEGF simulation
window bounds.
The NEGF solver is coupled to the DD through a generation/recombination (GR) term GNEGF computed as
GNEGF =

1 ∂Jn,NEGF
1 ∂Jp,NEGF
=−
,
q
∂z
q
∂z

(1)

where q is the elementary charge, and Jn,NEGF (Jp,NEGF ) is
the electron (hole) current density computed with NEGF. The
DD and NEGF computations are repeated until self-consistent
charge carrier Green’s functions and DD band diagram are
obtained.
This NEGF-DD approach has been applied to an AlGaAsbased device test structure designed at Chalmers University
and grown by IQE. The material and doping profiles can be
qualitatively inferred by the band diagram reported in Fig. 1. In
more detail, most of the layers contain 12% Al molar fraction,
with the exceptions of the GaAs substrate (the first 500 nm),
the undoped layer (starting at about 870 nm, which would be
replaced by the VCSEL active region), the top line contact,
and the high Al-content oxide aperture (characterized by the
deep valence band valley). The doping density is 3 × 1018
everywhere, except in the undoped region and in the n++ (2×
1019 ) and p++ (2 × 1020 ) layers forming the tunnel junction.
The blue horizontal strip in the inset of Fig. 1 represents
the total (electron plus hole) spectral current density. This is
indicative of coherent transport, i.e., band-to-band tunneling.
This result is specific to the buried tunnel junction considered
here, as opposed to indirect semiconductors where phononassisted contributions are important [20], [21], or nanostrucured TJs employed in multijunction solar cells, where an
inelastic scattering process is needed to overcome energetic
misalignments between the bound, quasibound, and continuum
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