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Abstract—Multi-junction tunnel diode lasers achieve high out-
put power by electrically connecting multiple active regions
through heavily doped tunnel junctions operated in reverse
bias. Accurate simulation of these devices requires self-consistent
treatment of carrier transport, optical fields, and longitudinal
power distribution. We present a comprehensive simulation
framework integrating nonlocal band-to-band tunneling based on
Landauer’s conduction formula and Wentzel-Kramers-Brillouin
(WKB) transmission probabilities, self-consistent Helmholtz
equation solutions for optical modes, and longitudinal power
distribution using the treat-power-as-parameter method. We
demonstrate the model through simulations of three-junction
GaAs-based diode lasers, investigating the effects of longitudinal
spatial hole burning, self-heating, and two-photon absorption.

Index Terms—Multi-junction lasers, tunnel junctions, band-
to-band tunneling, spatial hole burning, semiconductor laser
modeling

I. INTRODUCTION

Edge-emitting diode lasers with stacked multiple active
regions achieve high output power while maintaining high ef-
ficiency [1]. When all active regions share the same waveguide
and only one vertical mode is active, wavelength stabilization
can be achieved using a grating [2], [3]. These devices are
therefore attractive for applications such as LiDAR systems
and optical pumping of solid-state lasers e.g. for laser fu-
sion [4].

Tunnel junctions are the critical enabling component in
multi-junction laser architectures. These heavily doped p-n
junctions (> 1019 cm−3) operated in reverse bias exploit
quantum mechanical band-to-band tunneling to generate carri-
ers, electrically connecting successive active regions in series.
However, tunnel junctions introduce several design challenges
that require careful optimization. The voltage drop across each
tunnel junction adds to the total operating voltage, directly
impacting wall-plug efficiency. The heavy doping in tunnel
junctions leads to significant free carrier absorption, neces-
sitating careful waveguide design to minimize optical mode

overlap with these lossy regions. Heat generation primarily
stems from the increased number of active regions rather
than the tunnel junctions themselves. Reverse-biased tunnel
junctions can actually provide localized cooling through the
Peltier effect. Nevertheless, the net thermal load from multi-
ple active regions intensifies thermal management challenges.
These trade-offs between electrical resistance, optical loss, and
thermal load necessitate accurate simulation tools that capture
the underlying physics to guide design decisions and predict
device performance reliably.

II. SIMULATION

The simulation framework is based on the drift-diffusion
equations for carrier transport, where carrier densities are
related to quasi-Fermi potentials through Fermi-Dirac statistics
using the Bednarczyk approximation [5]. The vertical optical
mode structure is determined by solving the one-dimensional
Helmholtz equation for TE polarization, yielding the prop-
agation constant β and mode function. Longitudinal power
distribution is computed using the treat-power-as-parameter
(TPP) method [6], where the optical power P is treated as
a parameter and the coupled drift-diffusion and Helmholtz
equations are solved for various power-voltage combinations
to construct β(P,U) lookup tables. This enables calculation of
the longitudinal power profile by solving differential equations
for forward and backward propagating waves, thereby captur-
ing spatial hole burning effects arising from carrier depletion
near the output facet.

Tunnel junctions are modeled using a nonlocal band-to-band
tunneling approach based on Landauer’s conduction formula
and the WKB approximation [7], [8], where electrons and
holes are generated at spatially separated locations determined
by classical turning points. The WKB transmission probability
is calculated using the Flietner two-band dispersion relation
inside the band gap [9]. Self-heating effects are incorporated
via a global temperature model relating device temperature
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Fig. 1. Refractive index profile n(x) and the intensity of the relevant
higher-order vertical mode |θ(x)|2 obtained by solving the vertical Helmholtz
equation. The mode has maxima at the three active regions and is small near
the tunnel junctions.

to the total heat generated through the heat sink temperature
and thermal resistance. Two-photon absorption is included as
an intensity-dependent nonlinear loss mechanism [10] that
generates electron-hole pairs in the optical confinement layers
adjacent to the active regions and becomes significant at high
optical power densities.

For the three-junction device, the relevant higher-order
vertical mode is shown in Fig. 1. The absolute square of
the mode function has local maxima at the active regions
and has local minima near the tunnel junctions, minimizing
optical losses in the heavily doped tunnel junction regions.
Solving the longitudinal equations for every voltage yields
the output power as a function of the contact current, as
shown in Fig. 2(a), where the results are compared for cases
with and without longitudinal spatial hole burning (LSHB)
and two-photon absorption (2PA). The impact of these effects
is more apparent when examining the wall-plug efficiency
in Fig. 2(b), where both LSHB and 2PA each produce an
efficiency reduction of a few percent with the parameters used.

III. CONCLUSION

In this contribution we present a simulation framework
for multi-junction lasers integrating nonlocal tunneling, self-
consistent optical calculations, and longitudinal spatial hole
burning. Depending on the parameters, spatial hole burning
and two-photon absorption can each decrease the device
efficiency by a few percent and should be considered in
simulations of multi-junction diode lasers. Additionally, we
discuss the influence of different tunnel model parameters on
device performance and investigate the effect of self-heating.
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Fig. 2. Combined effects of longitudinal spatial hole burning (LSHB) and
two-photon absorption (2PA) on (a) output power and (b) wall-plug efficiency,
showing four cases: with/without LSHB and with/without 2PA.
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[8] H. Carrillo-Nuñez, A. Ziegler, M. Luisier, and A. Schenk, “Modeling
direct band-to-band tunneling: From bulk to quantum-confined semicon-
ductor devices,” J. Appl. Phys., vol. 117, no. 23, p. 234501, 2015.

[9] H. Flietner, “The E(k) relation for a two-band scheme of semiconductors
and the application to the metal-semiconductor contact,” physica status
solidi (b), vol. 54, no. 1, pp. 201–208, 1972.

[10] P. W. Juodawlkis, J. J. Plant, J. P. Donnelly, A. Motamedi, and E. P.
Ippen, “Continuous-wave two-photon absorption in a watt-class semi-
conductor optical amplifier,” Opt. Express, vol. 16, no. 16, pp. 12 387–
12 396, Aug 2008.


