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Abstract

With short current pulses, GaAs-based lasers can achieve high output powers if self-
heating and catastrophic optical damage are suppressed. However, the pulse power is still
severely limited by internal saturation mechanisms. Over the past decade, various power
loss mechanisms have been identified by numerical laser simulation but published con-
clusions differ even for the same laser diode. We here investigate the reliability of such
simulations and find that the error range remains relatively small if all saturation mecha-
nisms are considered simultaneously in a self-consistent model, including a realistic hole
mobility. Accurate pulse power predictions are demonstrated by simulating measurements
on two different laser structures without making material parameter adjustments.

Keywords Laser diode - Pulse operation - Output power saturation - Numerical simulation

1 Introduction

High-power laser diodes are of great interest for various applications, from solid state laser
pumping to automotive light detection and ranging (Tarasov 2010; Wenzel and Zeghuzi
2017; Knigge et al. 2018). In continuous-wave (CW) operation, the maximum power is
usually limited by the self-heating of the laser (Piprek et al. 2002). Much higher laser
power can be achieved with short current pulses if self-heating effects and catastrophic
optical damage are suppressed (Wenzel et al. 2010b). Maximum pulse powers beyond
100 W have been reported for broad-area lasers based on GaAs (Tarasov et al. 2007). How-
ever, even with pulses as short as 10 ns, saturation effects severely limit the achievable
power (Zeghuzi et al. 2018).
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Based on numerical Fabry—Perot laser models, several saturation mechanisms have
been investigated in recent publications, including carrier leakage from the quantum wells
(QWs), free-carrier absorption (FCA), two-photon absorption (2PA), gain compression,
and longitudinal spatial hole burning (LSHB). As introduction to our reliability study, we
briefly review these publications below.

Wang et al. (2010) employed a two-dimensional electro-optic model and identified elec-
tron leakage from the QWs as root cause of the power saturation. LSHB was also relevant.
FCA was included in the model but the assumed FCA cross section was extremely small
so that a large gain compression factor of e=70x 1077 cm® was needed to fit the measure-
ment. This phenomenological parameter € represents spectral hole burning, carrier heating,
and similar non-equilibrium effects inside the quantum wells, which reduce the available
optical gain at high photon densities. However, such fit parameter may also compensate
for inaccuracies of the saturation model. Based on the same model, but using more realis-
tic FCA cross-sections, Wenzel et al. (2010a) recognized the significant influence of FCA
and carrier recombination inside the waveguide layers. Consequently, their fit parameter
£=0.8x10""7 cm? is close to typical values (Wenzel and Zeghuzi 2017).

Using a one-dimensional traveling-wave optical model, Dogan et al. (2014) explained
the power saturation solely by two-photon absorption (2PA) and subsequent free-carrier
absorption. This secondary FCA effect is caused by 2PA-generated carriers and it was
assumed proportional to the third power of the photon density, which is not correct since
2PA and FCA are separate processes (Piprek and Li 2018a). By using the carrier lifetime
as fit parameter, the secondary FCA was identified as main saturation mechanism at high
power. Carrier transport effects were ignored completely.

More recently, Avrutin and Ryvkin (2017) investigated the influence of carrier trans-
port by solving the vertical carrier diffusion equation within the waveguide analytically, but
without considering non-radiative carrier recombination. With the exception of strongly
asymmetric waveguide designs, they concluded that both the primary and secondary 2PA
effects are smaller than FCA caused by injected carriers, which the same authors previ-
ously identified as main saturation mechanism (Ryvkin and Avrutin 2006).

Most recently, Zeghuzi et al. (2018) employed a time-dependent multi-lateral-mode
traveling-wave model. Carrier transport effects were included only in lateral direction,
inside the active layer. Vertical carrier leakage from the active layer was ignored as well
as free carrier accumulation in the waveguide. Gain compression was identified as main
saturation mechanism with e=18x10""7 cm?®, followed by 2PA and LSHB. However,
the authors concluded that lateral non-uniformities and time-dependent effects exert only
minor influence on the saturation behavior of Fabry—Perot lasers.

All these studies investigated the pulse power saturation of very similar GaAs-based
broad-area lasers with InGaAs quantum wells emitting light near 1 pm wavelength. Yet,
the dominating saturation mechanisms were quite different. Such contradictions are often
rooted in incomplete models which ignore some relevant mechanisms and instead use fit
parameters to find agreement with measurements. Therefore, we recently developed a more
comprehensive model that included all of the proposed saturation mechanisms self-con-
sistently (Piprek and Li 2018a). In particular, 2PA and subsequent FCA were treated as
separate processes after 2PA-generated carriers join the injected free carriers. Without any
parameter fitting, the simulated pulse power was in close agreement with the measurement
(Fig. 1). Figure 1 also plots results after step-wise removal of key mechanisms. LSHB
shows some influence, but free-carrier absorption and electron leakage are clearly dominat-
ing, while 2PA and gain compression are negligible. This steady-state simulation ignored
dynamic effects which were shown to act on a much shorter time-scale than our 300 ns
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Fig.1 Laser power versus current as measured (symbols) and as simulated (solid line). The dashed lines
show the simulation results after subsequent removal of key saturation mechanisms from the model. The
dotted line is a linear extension of the initial slope. Measured data are from Wenzel et al. (2010a), the simu-
lations are explained in Piprek and Li (2018a)

current pulse (Zeghuzi et al. 2018). On the other hand, peak power measurements of short
laser pulses are inherently difficult (Wang et al. 2010) but error bars were not provided for
the measured data points (Wenzel et al. 2010a).

However, our simulations included a large number of material parameters, some of
which are not exactly known. In the following, we investigate such uncertainties and the
reliability of our model.

2 Models and parameters

Our analysis employs the laser simulation software PICS3D by Crosslight Software, which
self-consistently combines carrier transport, quantum-well band structure, stimulated pho-
ton emission, and wave guiding. The transport model includes Fermi statistics, drift and
diffusion of electrons and holes, their thermionic emission across hetero-interfaces, as
well as carrier loss mechanisms such as Shockley—Read—Hall (SRH) recombination, spon-
taneous photon emission, and Auger recombination. The optical model considers photon
scattering losses, free-carrier absorption (FCA), and two-photon absorption (2PA). 2PA-
generated carriers and injected carriers follow the same transport mechanisms and both
contribute to FCA. Gain compression is considered using the common parameter e = 107"
cm® (Wenzel and Zeghuzi 2017). Since lateral variations have a negligible effect on the
pulse power saturation of broad-are lasers (Wang et al. 2010; Zeghuzi et al. 2018), the
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electro-optic equations are only solved in vertical and longitudinal direction. More model
details are published elsewhere (Piprek 2003; Piprek and Li 2018a).

Our device example is the same laser that was previously simulated by different groups
(Wenzel et al. 2010a, b; Dogan et al. 2014; Piprek and Li 2018a). The laser cavity length
is L=4 mm and the lasing stripe width is W=0.1 mm with facet reflectivities of 0.01 at
the front and 0.95 at the back. The laser structure includes an InGaAs/GaAs multi-quantum
well (MQW) active region emitting at 1060 nm as well as an AlGaAs graded-index (GRIN)
layer. Vertical profiles are plotted in Fig. 2 illustrating the electron leakage into the p-side
waveguide layers where carriers pile up at the beginning of the GRIN layer due to the ris-
ing band gap. The MQW optical confinement factor I'=0.021 is in perfect agreement with
previous studies. The guided laser mode is well confined within the GaAs waveguide layer,
so that an uniform 2PA coefficient of =26 cm/GW can be employed as measured for
GaAs at the same wavelength (Said et al. 1992). The FCA cross-section is 12X 107"8 cm?
for free holes and 4 x 10™'® ¢cm? for free electrons, as used by most other authors (Wenzel
et al. 2010a, b; Dogan et al. 2014; Piprek and Li 2018a). The threshold current of about
2A is governed by QW recombination losses. Inside the QWs, our model calculates the
spontaneous recombination rate self-consistently from the emission spectrum, outside the
common recombination coefficient B=107' cm?s is applied. The defect-related SRH
lifetime Tggy is 2 ns inside and 100 ns outside the QWs. However, the Auger recombina-
tion coefficient C typically dominates the threshold current, it is 5x 107** cm%s inside and
1.5% 1073 cm®s outside the QWs.

3 Sensitivity analysis

In the following, key material parameters are varied in order to study their impact on the
simulated power saturation. A reasonable variation range is established by using parameter
values from related publications. For comparison, the maximum power at 240 A is listed in
Table 1 for each case separately (not cumulative). The final error range is plotted in Fig. 3.

Published results of FCA measurements are somewhat uncertain. The lower FCA
cross-sections used by Avrutin and Ryvkin (2017) allow for more output power (line 2
in Table 1). No reliable FCA data are available for quantum wells and removal of FCA
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Fig.2 Vertical profiles of a refractive index and wave intensity and b energy band gap and carrier density at
the back facet at 240 A
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Table 1 Comparison of simulated peak power values at 240A for different parameter variations in our
model

Model and parameter variation Peak power (W)
1 Original 87
2 FCA cross section for electrons/holes=3/10x 10! cm? (Avrutin 95
and Ryvkin 2017)
3 No FCA in quantum wells (Piprek and Li 2018b) 90
4 QW: Tgry=3 ns, B=10""%m?%s, C=2 1073%mS/s (Wenzel et al. 87
2010b)
5 Tgry =3 ns outside QW (Wenzel et al. 2010b) 82
6 Reduced gain as shown in Fig. 4 (Wenzel et al. 2010b) 84
7 10 degrees self-heating (Wang et al. 2010) 81
8 Band offset ratio=65:35 (Piprek 2003) 87
9 Uniform hole mobility p,=100 cm?/Vs 48
10 Uniform hole mobility p, =200 cm?/Vs 85
11 Uniform hole mobility p,=300 cm?/Vs 109
12 Uniform hole mobility p,=400 cm?/Vs 124
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Fig.3 Pulse power versus current error range and hole mobility variation (symbols: measurement)

from the quantum wells also reduces the power saturation (line 3). Two-photon absorption
is insignificant in our case (Piprek and Li 2018a) and 2PA parameter variations have no
effect.

Quantum well recombination losses control the threshold current but the Auger coef-
ficient C is one of the most uncertain parameter in laser simulations (Piprek 2003).
However, since our peak current is more than 100 times higher than the threshold cur-
rent, QW recombination parameters have negligible influence here (line 4). But due to
the strong carrier accumulation in the waveguide layers (Fig. 2b), reduction of the defect
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recombination lifetime outside the QW from 100 ns to 3 ns leads to somewhat stronger
saturation as it enhances the electron leakage from the MQW (line 5).

Leakage is also affected by the QW carrier density which depends on the QW gain.
In fact, the gain model is at the hearth of any laser simulation. Wenzel et al. (2010b)
employed a somewhat smaller gain in their model (Fig. 4) which leads to larger QW
carrier density and slightly stronger saturation in our simulation (line 6). Gain compres-
sion effects are negligible in our case. But self-heating during pulsed laser operation
reduces the gain. We here assume a temperature increase from 25 °C to 35 °C as esti-
mated by Wang et al. (2010) for a very similar measurement, which reduces the output
power to 81 W (line 7).

Another potentially critical parameter is the band offset at hetero-junctions. Thus far, we
employed a band-offset ratio of 60:40 between conduction band and valence band. Increas-
ing this ratio to 65:35 is expected to reduce electron leakage but it does not exert any sig-
nificant influence on the output power in our case (line 8 in Table 1). Obviously, electron
leakage is not controlled by the ability of electrons to escape from the QW, but rather by
the ability of holes to get to the QWs (Wang et al. 2010). The hole mobility p,, is much
smaller than the electron mobility (Fig. 5) and it is this imbalance which enforces electron
leakage into p-doped layers. In our original model, the mobility is influenced by alloy scat-
tering and by doping and it is therefore non-uniform (Piprek 2003). Lines 9-12 in Table 1
show results with uniform hole mobility (dashed lines in Fig. 3). A uniform hole mobil-
ity of 200 cm?/Vs produces almost the same saturation as the original model. However, a
higher/lower hole mobility strongly reduces/increases the electron leakage from the MQW
into the p-doped side, as shown in Fig. 6. Because the assumed hole mobility was not listed
by other authors, it is not included in the error range shown as gray area in Fig. 3. The
lower limit of this range is established by the self-heating effect (line 7) while the FCA
reduction in line 2 gives the upper limit. Compared to the total power loss of 178 W at
240 A (Fig. 1), the error range amounts to+4% and it fully contains the measured data.
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Fig.4 Quantum well gain versus carrier density variation
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Fig. 6 Profiles of energy bands and 1D electron current density at 240 A for different hole mobilities

4 Reliability test

The reliability of our model can be further evaluated by its application to a differ-
ent laser without changing any material parameters. We therefore simulate the struc-
ture given in (Veselov et al. 2014) featuring two InGaAs QWs embedded in an undoped
3 pm Al ,Gajy9As waveguide layer that is sandwiched between n-doped Al ;Ga,;As and
p-doped Al (Ga, 4As. The laser cavity length is L=2.6 mm and the lasing stripe width is
W=0.1 mm with cleaved facets on both sides (R=0.3). Vertical profiles of energy band
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Fig.8 Laser power versus current as measured (+++) and as simulated (lines). The dashed lines show
results after subsequent removal of key saturation mechanisms from the model

edges and carrier concentrations are plotted in Fig. 7 at high injection. Figure 8 shows
excellent agreement between our initial simulation and the reported measurement (Veselov
et al. 2014). Subsequent removal of key mechanisms from the model produces the dashed
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lines in Fig. 8. Longitudinal spatial hole burning (LSHB) has a negligible influence in such
short symmetric cavities. Two-photon absorption (2PA) and gain compression (g) are also
irrelevant, as before. The final removal of free carrier absorption has the strongest effect
and it produces an almost linear power versus current characteristic, even with double the
current. Thus, hole mobility and electron leakage have much less influence on the pulse
power saturation in this case, mainly due to the large conduction band barrier between
waveguide and p-cladding (Fig. 7) which does not exist in the previous example. But car-
rier accumulation in the p-side waveguide layer (Fig. 7) enhances free-carrier absorption
which dominates the power loss in this laser.

5 Summary

A reliable prediction of the pulse power saturation is demonstrated for two different broad-
area InGaAs/GaAs Fabry—Perot lasers by self-consistent inclusion of all relevant satura-
tion mechanisms in the simulation. Material parameter uncertainties produce a relatively
small error range. However, hole mobility reductions by alloy scattering and doping must
be accounted for as they control the electron leakage from the active layers.
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