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Abstract—The effect of two-photon absorption in high-power
semiconductor lasers is investigated in detail. A self-consistent
numerical approach is used to solve the coupled drift—diffusion
and waveguide equations describing a broad-area Fabry—Perot
laser diode. Such an approach allows us to separate the influence
of the direct effect due to inter-band absorption from the indirect
effect due to intra-band absorption caused by the generated
electron-hole pairs.

Index Terms—semiconductor lasers, numerical analysis

I. INTRODUCTION

Two-photon absorption (TPA) is an important nonlinear
mechanism that affects the power—current characteristics of
high-power semiconductor lasers and optical amplifiers. De-
spite increasing experimental and theoretical interest over
the past several decades [1]-[5], a consistent theoretical de-
scription of TPA in such devices is still missing. From a
microscopic point of view, TPA can be separated in two
contributions to optical losses, the direct and indirect. The
direct process corresponds to the simultaneous absorption
of two photons, resulting in the excitation of an electron
from the valence band to the conduction band when the
combined photon energy exceeds the bandgap energy. The
carrier pairs generated in this process subsequently enhance
free-carrier absorption, which represents the indirect effect of
TPA. In the modeling, such an indirect contribution is naturally
introduced through an additional carrier generation term in the
continuity equations for the electron and hole current densities,
in addition to the recombination rates. In order to avoid
solving the carrier transport problem explicitly, TPA is often
represented by an effective absorption coefficient proportional
to the square of the optical power [1], [2]. While attractive
due to its simplicity, this approximation implicitly assumes
that the transport of TPA-generated carriers can be neglected.
As demonstrated in [4], such an approach can lead to a
substantial overestimation of TPA-induced losses. Therefore, a
more precise description requires a self-consistent solution of
the semiconductor drift—diffusion equations, which properly
accounts for the carrier transport and spatial redistribution
caused by TPA [3]-[5]. Previous drift—diffusion-based studies
differ significantly in both the level of detail considered and
the resulting conclusions. In [3], the drift—diffusion equations
were solved in a simplified form and the power—current
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Fig. 1: Impact of LSHB, TPA and the omission of TPA gen-
eration rate on the power-current characteristics with (solid)
and without (dashed) LSHB for the pulsed (a) and CW (b)
operation cases

characteristics were evaluated without considering longitudinal
spatial hole burning (LSHB). With these assumptions, TPA
was shown to play an important role in the optimization of
laser structures for high-power pulsed operation. In contrast,
simulations reported in [4], performed using a commercial
software package, concluded that TPA is negligible; however,
the governing equations and modeling assumptions were not
provided. More recently, [5] combined drift—diffusion-based
device modeling with rate-equation analysis and explicitly
included LSHB, demonstrating that under pulsed operation
and at high injection currents TPA becomes the dominant
mechanism responsible for power saturation.

In this study, we numerically investigate the effect of TPA
in semiconductor high power lasers using a newly devel-
oped program package which solves the system of coupled
equations consisting of stationary 1D drift-diffusion equations
including the TPA generation rate and a Helmholtz equation
for the waveguide mode. For calculation of power-current
characteristics taking into account LSHB the “Treat Power
as a Parameter” (TPP) method is used [6]. Self-heating is
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Fig. 2: Modal free-electron, free-hole and two-photon absorp-
tion at front facets versus injection current with (solid) and
without (dashed) TPA at the front facet for the pulsed (a) and
CW (b) operation cases

taken into account by a global model, neglecting the heat
flow. Temperature is calculated from heat sources (such as
Joule, recombination and absorption heating) and area related
thermal resistance ¢, which can be used as a fitting parameter.

II. SIMULATION

The device under consideration is a broad-area laser emit-
ting at a wavelength of 1060 nm previously described and sim-
ulated by different groups [2], [4], [6]. The direct effect of TPA
contributes to the local absorption in the case of TE mode as

agp(x) = %ﬁ;‘gx) |®(x)|> P and the generation rate of new
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The TPA absorption coefficient 35 versus photoncgnd bandgap
energies was taken from [7] based on the expressions given
in [8]. Here, we consider pulsed (i.e. without self-heating)
and continuous wave (CW, i.e. the self-heating is included)
operation. The fitting parameter r;;, was selected in order to
reproduce the experimental power-current and temperature-
current characteristics as closely as possible in the absence
of TPA in the CW case.

Fig. 1 shows the power-current characteristics for pulsed
and CW operation for three cases: without TPA, with direct
TPA effect only (neglecting carrier generation) and with both
direct and indirect TPA effects. In Fig. 1(a) one can see
the bending of the power-current characteristics even without
LSHB and TPA. The bending is due to carrier accumulation
in the optical confinement and cladding layers, which results
in increased optical losses, see Fig. 2(a). In addition to
optical absorption, the leakage current of minority carriers
also contributes to bending. Taking TPA into account results
in further bending of the characteristics. Note that the bending
of the curve corresponding to the case with direct TPA effect
only is even more pronounced, while the extra free carrier

absorption caused by the carriers generated through TPA is
almost negligible (see Fig. 2(a)). The less pronounced bending
of the curve with both TPA effects can be explained by the
fact that some of the carrier pairs generated through TPA
effect get injected in the quantum well in addition to the
carrier pairs injected from the contacts. Hence, the device
can reach higher power at the same current in comparison
with the case without carrier generation. In CW operation
(Fig. 1(b)) thermal rollover of all characteristics takes place
due to the gain reduction caused by the temperature rise which
leads to increase in the carrier densities in quantum wells and
confinement layers. The carrier density rise results in increased
optical losses, see Fig. 2(b). The additional bending caused by
TPA effects is almost negligible.

III. CONCLUSION

In pulsed operation TPA effects cause additional bending
of power-current characteristics. Neglecting the TPA carrier
generation leads to exaggerated estimation of TPA influence
on characteristics rollover. In CW operation, the bending is
mostly caused by a temperature rise; the influence of TPA on
the slope efficiency is negligible for the considered structure.
However, the TPA effect can be more pronounced in structures
capable of generating higher optical powers.

Taking into account TPA and LSHB in pulsed operation and
using the fitting thermal parameter in CW operation does not
fully reproduce the exact shapes of the experimental power-
current curves. Therefore, further investigation of additional
effects such as gain compression and non-zero quantum well
capture time is necessary.
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