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Self-consistent thermal-opto-electronic model for the dynamics
in high-power semiconductor lasers

Uwe Bandelow, Mindaugas Radziunas, Hans Wenzel

Abstract

High-power broad-area diode lasers (BALs) generate significant heat, impacting performance.
A 2+1 dimensional traveling wave (TW) model incorporates heating effects through an itera-
tive coupling of electro-optical (EO) and heat-transport (HT) solvers. This method analyzes heat
sources, temperature profiles, and thermally induced refractive index changes.

Broad-area lasers (BALSs) are crucial for high-performance laser systems and material processing due
to their small size and efficiency, producing tens of watts from single devices. However, they exhibit
chaotic spatio-temporal dynamics above threshold. High-power lasers generate significant heat, rais-
ing the internal temperature and impacting operation. A key effect is the formation of a thermal lens,
where the refractive index increases in the hot center, causing slight focusing near the facet. While
thermal lenses are well-studied in continuous wave (CW) lasers, they are usually neglected in pulsed
operation due to longer thermal build-up times. However, the small heated region near the active layer
has a much shorter build-up time, leading to dynamic thermal lensing. We show, that short-term local
heating can affect optical pulse formation.

Earlier models, though detailed, overlooked device design and needed a lot of computing power. We
propose a physically realistic and yet numerically applicable thermal model, coupled to a dynamical
electro-optical (EO) model for the optical field and carrier dynamics along the quantum-well active
zone of the laser. A numerical tool, BALaser, is used for accurately simulating these effects. It allows
for design optimizations and has been applied to beam shaping, stabilization, and external feedback.
Here, the focus is on two topics: filamentation and the effects of temperature changes.

(a) time averaged optical field intensity distribution (W/pm?)
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Figure 1: Top view on the optical intensity distribution in the active region of a BA laser under contin-
uous wave (CW) high power operation, calculated with the model of section[1} (a) time averaged, (b)
time snapshot of intensities laterally normalized at each longitudinal position [1].

1 The electro-optical (EO) model

Our mathematical model is a hybrid combination of a traveling-wave (TW) model in the (z, z) plane
shown in Fig[f] a model of current flow and a thermal model, both in 3D domain, parametrized by the
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variable z. The slowly varying complex amplitudes ui(a:, 2, t) of the optical field obey a TW equation
coupled to a diffusion equation for the carrier density N (z, z, t) [{]

Ug&gu = {Q%é?mIF@Z%— 5 +1i0 —D|u™ + Fg, (1)

ON 0 ON J(z, 2, t) L

2 DN JA\ v
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Du* = %(ui —p®), % = y(u* — p*) + idwp®. (3)

The optical gain G depends on N and the operator D models its dispersion in terms of a Lorentzian
[2] with amplitude g,.. The amplitudes u* are coupled to each other by reflecting boundary conditions
at the facets. The detuning d(/V,T") accounts for built-in index changes, carrier density and temper-
ature dependent index changes, as well as for the Kerr effect. The optical loss « includes internal
background absorption, the free carrier absorption and the two-photon absorption in the active region
[3]. The numerical integration of the TW-model equations are performed using parallel computing and
distributed memory paradigm at the WIAS in Berlin. Typical 1 ns-transient simulations of 4 mm-long
and 100 um-broad laser using 20-30 parallel processes can be made in 5-10 minutes. Details on the
efficiency of the code are given in [4].

Current spreading and current self-distribution in the p-doped layers play an important role in BA lasers
[5] 16, [7]. They largely influence the Joule heating - one of the heat sources, which is proportional to
the square of the current density,

j = JV(pp (4)

with the electrical conductivity 0. The quasi-Fermi potential ¢,, of the holes obeys a Laplace equation
V(oV,) = 0in the p-doped region [8, 6], which completes our EO model.

2 The thermal model

The thermal model bases on the classical macroscopic heat-flow equation,

G~V [RT] = (N, ), ®
with the heat capacity c,, the heat conductivity ., and the heat sources h, which depend on the
carrier density, current density, and field intensity distributions in the laser, which result from the EO
model. The heat sink temperature T},5 enters via a boundary condition into the model. Reversely, the
temperature 1" acts back on the wave propagation mainly via the detuning ¢ by the thermally induced
refractive index, and implicitly influences the gain, distribution functions, and the diffusion as well as
recombination terms in Eq. (2).

The heat sources h of the model include the Joule heat, that is essentially generated in the p-doped
region, the heat source due to absorption of stimulated emitted photons, the recombination heat in the
active region, and the quantum defect heat generated in the active region as a result of incomplete
energy transfer from the carrier reservoir to the radiation field. They are explictely given in [1] and
are derived from corresponding expressions given in [9} [3, [10]. Furthermore, in this paper we neglect
Thompson-Peltier heat [9, [3] as the overall impact is expected to be small[11]. The heat sources
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obtained with the dynamic EO-solver exhibit strong variations on short time scales, which however
have only a marginal impact on the temperature distribution.

It is unreasonable to solve the heat-flow equation over tens of microseconds with the sub-ps tem-
poral resolution of the opto-electronic model in the large spatial domain of the whole device. An es-
timation [1] showed, that the generated heat during a 1 ns simulation interval is spread around the
active region by only about 100 nm. Heat flow is therefore negligible when simulating short transients
and the thermally induced index can be calculated via an an ordinary differential equation which is
integrated much easier in each node of the spatial grid.

The extremely long thermal build up in the case of CW operation cannot be calculated with this ap-
proximation. But in the later quasi-steady state, the rate of heat generation can be decomposed in a
time-constant mean contribution » and a contribution Riet = h — h fluctuating around zero. Accord-
ingly, the heat-flow equation (5) is split into

0=Vk VT +h and (6)
c aT}Iuct
ot

For the numerical solution we apply an iterative approach [1]. In the first step of the iteration the

EO model is solved under isothermal conditions with 7 = Tys. During this run, we set h = 0.

In all following iterations, h is taken as the temporal average of the total heat production of the last

part of the iteration before. The iterations are repeated until the temperature and near-field intensity

distributions of consecutive iteration steps are sufficiently close to each other. A detailed description
of the numerical implementation is given in Ref. [12].

= VL VT + Pt (7)

3 Results

The static HT-problem, with time-averaged heat sources, is solved iteratively together with the EO
solver. Under short pulse operation the thermally induced index distribution can be obtained by ne-
glecting the heat flow. Although the temperature increase is small, a waveguide is introduced here
within a few-ns-long pulse, resulting in significant near field narrowing. We further show that a beam
propgating in a waveguide structure utilized for BA lasers does not undergo filamentation due to spa-
tial holeburning. This remains a high-dimensional spatio-temporal phenomenon, that can not fully be
explained by simplified models, such as the focusing nonlinear Schrédinger equation. Moreover, our
results indicate that in BALs a clear mode structure is visible which is neither destroyed by the chaotic
dynamics nor by longitudinal effects.
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