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Abstract High-power broad-area laser diodes often suffer from a widening of the lateral
(slow axis) far-field with increasing current, called thermal blooming, which is mainly caused
by the non-uniform self-heating of the laser and has been studied for several decades. This
paper presents the first self-consistent electro-thermal-optical simulation and analysis of such
thermal blooming. Using a real InGaAs/GaAs broad-area laser as an example, a 900 A/cm2

higher current density is shown to lead to only 0.5 K stronger lateral temperature drop inside
the ridge waveguide but to a one degree wider slow axis far field. Small non-thermal blooming
is also observed.

Keywords High-power broad-area laser diode · Thermal blooming · Slow axis far field ·
Self-heating · Thermal lens · Lateral laser modes

1 Introduction

High-power broad-area laser diodes often suffer from a widening of the lateral (slow axis)
far-field with increasing current (see, e.g., Crump et al. 2012). This effect is also referred to
as thermal blooming, since self-heating is considered the main cause. The non-uniform tem-
perature profile inside the waveguide leads to a lateral refractive index profile that enhances
the index guiding of lateral laser modes (thermal lens). Numerical simulation is a valuable
tool in investigating this sophisticated interaction of electronic, thermal, and optical pro-
cesses, however, a comprehensive numerical analysis has not been published yet. Previous
simulation reports use simplified models (e.g., Hadley et al. 1988), neglect the self-heat-
ing (e.g., Lang et al. 1991; Hess et al. 1995), or only combine optical and thermal models
(e.g., Pomplun et al. 2012).

This paper presents the first self-consistent electro-thermal-optical simulation of the ther-
mal blooming effect, including the non-uniform heat power distribution inside the laser as
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well as the non-uniform carrier and gain distributions inside the quantum wells (QWs). A pre-
viously investigated GaAs-based broad-area distributed feedback (DFB) laser structure with
an emission wavelength near 975 nm is used as an example (Crump et al. 2010; Schultz et al.
2010; Wenzel et al. 2011). The compressively strained double quantum well InGaAs active
region is sandwiched between AlGaAs waveguide and cladding layers. The ridge-waveguide
laser is mounted p-side down onto a CuW submount. The p-doped ridge is 100 µm wide and
the laser cavity is 3 mm long.

2 Models and parameters

A customized version of the LASTIP laser simulation software is employed here (Crosslight
Software 2012), which allows for the self-consistent combination of multi-mode wave
guiding, drift-diffusion of electrons and holes, quantum well gain computation, and heat
flow in the transverse plane. All relevant heat sources are considered, including Joule
heat, non-radiative recombination heat, heat caused by modal absorption, as well as the
Peltier/Thomson effect (Wachutka 1990). Thermal conductivity data for each layer account
for alloy scattering of phonons (Nakwaski 1988). The local refractive index N(T) is calcu-
lated from the temperature distribution T(x,y) using published material parameters (Gehrsitz
et al. 2000). The average (modal) thermal index change is dN/dT = 3 × 10−4/K. Free-
carrier absorption by holes (kp = 12 × 10−18cm2) and electrons (kn = 4 × 10−18cm2)
is considered as well as carrier-induced index changes in the quantum well with an
anti-guiding parameter of dN/dn = −10−20cm3. Besides the semiconductor chip, the
simulation domain also includes the p-side metal and heat spreading layers to accurately
calculate the temperature profile T(x,y). The heat sink thermal conductivity is slightly
varied to match the measured thermal resistance in the simulation (4.6 K/W). Transver-
sal laser modes are calculated self-consistently from the Helmholtz equation. The modal
far-fields are obtained from the Fourier transform of the modal near-field at the laser
facet (Carroll et al. 1998). Further details on models and parameters are given elsewhere
(Piprek 2003).

3 Simulation results

The simulated light-current and current-voltage characteristics are shown in Fig. 1a and they
are in excellent agreement with measurements (Schultz et al. 2010). Figure 1b shows the
calculated light-current characteristics for each of the different lateral lasing modes. The
mode order corresponds to the number of modal intensity peaks. The total modal intensities
add up to the lasing power given in Fig. 1a. In the following, for comparison to a previous
analysis (Wenzel et al. 2011), the laser performance is evaluated at two currents, I = 3.4 A
and 5.8 A, corresponding to a laser power of P = 2.7W and 5.1 W, respectively. At I = 3.4 A,
nine lateral lasing modes are calculated, which is close to the eight lateral modes measured
at that current (Wenzel et al. 2011). The measurement also reveals additional longitudinal
modes, which are not considered in this simulation. At I = 5.8A, two more lateral lasing
modes are observed, both in the measurement and in the simulation.

The lasing wavelength is controlled by the DFB grating and it changes very slowly with
temperature (0.07 nm/K). The peak of the QW gain spectrum red-shifts with rising tem-
perature at a faster rate of 0.3 nm/K. Thus, in our case, the gain peak offset from the DFB
wavelength shrinks with increasing current (Fig. 2a) and a lower QW carrier density is
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Fig. 1 a Comparison of simulated laser characteristics to measurements from (Schultz et al. 2010). b Calcu-
lated modal power versus current (parameter: mode order)
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Fig. 2 a Modal gain spectra at two bias points, the vertical lines give the corresponding DFB wavelengths.
b Power versus current for different physical mechanisms

sufficient at the higher current to reach the threshold gain, leading to a reduced sponta-
neous emission power (Fig. 2b). Figure 2b also shows the main contributions to the heat
power. The total heat power is smaller than the value UI-P extracted from measurements
(Fig. 1a) because the spontaneous emission is not considered a relevant heat source in this
case. Simple models indicate that most of the spontaneous emission leaves the waveguide
(Mukherjee and McInerney 2007) and is absorbed by the metal contacts (top and bottom)
without much influence on the temperature of the active region (see further discussion in
Sect. 4).

Figure 3 depicts different vertical profiles in the center of the laser (symmetry plane) at
I = 5.8 A injection current: energy band diagram, refractive index, main heat sources, and
light intensity. The heat generation profile from modal absorption follows the vertical shape
of the laser mode. Non-radiative recombination peaks inside the quantum wells. Joule heat
is mainly generated on the p-side due to the lower conductivity.

Figure 4a gives the lateral profile of the total heat generation inside the top quantum well
at the two bias points. It peaks near the p-contact edge which is mainly caused by current
crowding. Figure 4b shows the calculated temperature profiles. At 5.8 A, the QW temperature
is about 16 K higher than the external temperature of 300 K, while the lateral temperature
drop inside the ridge waveguide region (x < 50µm) is only 1 K. This lateral temperature
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Fig. 3 Vertical profiles in the center of the laser at I = 5.8A: a energy band diagram, b refractive index,
c main heat sources, d laser beam

drop increases with current, it is only 0.5 K at 3.4 A. Thus, the rising current results in stron-
ger lateral index guiding (Fig. 4c). The lateral index difference inside the ridge waveguide
(thermal lens) is only 0.0003 at 5.8 A and it is significantly smaller than the built-in lateral
effective index step of 0.0018 at the edge of the ridge.

The QW gain profile is plotted in Fig. 4d, it turns into absorption outside the ridge region
(x > 50µm) due to the drop in carrier density (Fig. 4e). As pointed out above, the QW
carrier density decreases with higher current, so that the carrier-induced QW index change is
also reduced (Fig. 4f). Considering the QW optical confinement factor of 0.0133, the carrier-
induced effective index change is −0.0002, but it is almost constant across the ridge region,
so that it does not weaken the thermal lens much. Our previous publication (Piprek 2012)
employed a 2.5 times higher anti-guiding parameter dN/dn, still within the range reported in
the literature (Rideout et al. 1990), which led to about double the number of lateral modes
(see discussion in Sect. 4).

The lateral width of the total near field profile hardly changes with rising current (Fig. 5,
LHS), which agrees very well with near field measurements (Wenzel 2012). The same figure
clearly shows the thermal blooming effect, i.e., a widening of the total far field with current.
While the current density rises by 900 A/cm2, the 95 % power angle widens by one degree,
from 4.6◦ to 5.6◦. This blooming rate is in good agreement with (Wenzel et al. 2011) but
below the values reported for other lasers (Chin et al. 2011). Since the total near field does
not shrink, the thermal blooming is mainly attributed to the increasing number of lateral
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Fig. 4 Lateral profiles inside the top quantum well at two currents: a heat power density, b temperature,
c thermal index change, d quantum well gain and absorption, e electron density, f carrier-induced index
change. The vertical dashed lines mark the edges of the p-contact (x = 45µm) and of the ridge-waveguide
(x = 50µm), respectively

modes (cf. Fig. 1b). Figure 5 (RHS) plots the near- and far field profiles of all lasing modes,
illustrating the rising far field angle with higher mode order. As more modes participate in
the lasing process, each individual near field shrinks in lateral direction and each individual
far field widens slightly.

Without heating, the slow axis far field widens from 4.1◦ to 4.2◦ (95 % power, same bias
points), mainly due to increasing current crowding which leads to a broader gain region
supporting higher-order lateral modes.
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4 Discussion

Several experimental observations are reproduced very well by these simulations, such as
the width of the total near field, the number of lateral modes and the far field blooming rate.
However, the total far field angle is significantly smaller than measured (Wenzel et al. 2011),
Earlier simulations produced a wider far field (Piprek 2012), but only by including lateral
modes up to the 19th order, which is not supported by measurements. Possible reasons for
this discrepancy are briefly discussed in the following and require future investigations.

In our model, the different lateral modes interact through the competition for the QW
carrier reservoir. But in reality, modes also interfere optically, often in a random and unpre-
dictable way, contributing to the irregular and asymmetric modal patterns observed experi-
mentally (Wenzel et al. 2011; Crump et al. 2012). The simulation considers TE modes only,
but TM emission has been measured at the fringes of the beam profiles, possibly linked to
internal strain (Crump 2012). Another unexplained experimental observation with this laser
is that the lateral near field width of each individual mode is much smaller than the total near
field (Wenzel 2012).

Several models have been published for far-field calculations (see, e.g., Kressel and Butler
1977; Carroll et al. 1998; Piprek 2003) and due to the complexity of the thermal blooming
effect, it is difficult to judge which approximation is most appropriate for the lateral far field
of broad area lasers. The common Fourier transform of the near field, also employed in this
paper, seems to underestimate the far field angle, which may be attributed to the neglect
of the modal k-vector angle that rises with increasing mode order (Witzigmann 2012). The
obliquity factor is also neglected in our model, but it is only relevant for much wider far fields
(Carroll et al. 1998).

Full three-dimensional (3D) simulations are expected to provide additional insight
(see, e.g., Mukherjee and McInerney 2007), since the present 2D model neglects variations
in longitudinal direction as well as the influence of additional longitudinal lasing modes. An
accurate account of the heat power distribution generated by the absorption of spontaneous
emission is also of interest (e.g., by ray tracing); however, if this heat has any effect on the
lateral far field, it would probably slightly weaken the thermal lens and the far field blooming
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because the semiconductor layer exhibiting the strongest absorption is the QW region outside
the ridge.

5 Summary

Using self-consistent two-dimensional electro-thermal-optical simulation, the physical
mechanism of the thermal blooming effect in broad area lasers is investigated in detail.
The widening of the far field can be attributed to a rising maximum mode order as well as to
a shrinking near field of each individual mode.
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