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Abstract  The causes for the saturation of both the continuous-wave and the pulsed output
power of broad-area laser diodes driven at very high currents are investigated experimentally
and theoretically. The decrease of the gain due to self-heating under continuous-wave opera-
tion and spectral holeburning under pulsed operation as well as hetero-barrier carrier leakage
and longitudinal spatial holeburning are the dominant mechanisms limiting the maximum
achievable output power.

Keywords Simulation - Longitudinal spatial holeburning - Spectral holeburning

1 Introduction

High-power laser diodes are the root source of optical energy in all high performance laser
systems. Broad-area diode lasers (either as single emitters or in bars) are in wide-spread
application in part because of their ease of fabrication. In recent years, their output power
was driven to higher and higher values by steadily increasing the efficiency. In principle the
maximum achievable power is limited by the damage threshold of the semiconductor crystal
(catastrophic optical damage, COD), either within the laser cavity or at the facets. How-
ever, different measures like the reduction of the power density by broadening the optical
waveguide (Erbert et al. 2008), the improvement of the crystal quality (Bugge et al. 2007)
and special facet treatments (Ressel et al. 2005) significantly extended the COD power.
Thus increasingly physical effects like self-heating (Crump et al. 2009), carrier leakage
(Pietrzak et al. 2009) and gain compression (Slipchenko et al. 2006) limit the achievable
power.
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New detailed comparisons of simulation and experiment allow the relative importance of
different physical effects to be inferred. Specifically, in this paper we present results of two-
dimensional (vertical-longitudinal) simulations of the maximum achievable power in BA
lasers. The simulations accurately describe transverse carrier transport, heat flow, and wave-
guiding taking into account hetero-barrier leakage, longitudinal spatial holeburning (LSH)
and spectral holeburning (SHB). Lateral effects like current spreading, filamentation and
thermal lensing as well as spectral effects are ignored. We consider both continuous-wave
(CW) operation and pulsed operation, where the self-heating of the lasers can be neglected,
and compare the results to measurements.

2 Model

A schematic three-dimensional view of simulation domain and coordinate system is shown
in Fig. 1. The longitudinal direction is given by the z axis and the transverse plane by the
xy plane. In this paper, any dependencies in the lateral (y) direction are neglected and the
simulation in the transverse plane is restricted to the vertical (x) direction. This is appropriate
for a BA laser, where on the average optical field, carrier densities and temperature can be
assumed to be constant along the lateral direction. In fact, in this paper output power and
current are scaled corresponding to a lateral width of W = 100 pm.

The simulations are based on the “Treat Power as a Parameter” (TPP) method as explained
in Wiinsche et al. (1993) and Wenzel and Erbert (1996). In Fabry-Perot lasers the forward
and backward propagating optical power P* and P~ are solutions of the equations

dp* U, P
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Fig. 1 Schematic three-dimensional view of the device under investigation
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where Ro and R;, are the reflection coefficients at the facets, P = PT + P~ is the total
power and P; is a saturation power describing phenomenologically gain compression caused
by spectral holeburning and carrier heating (denoted by SHB) (Wang and Schweizer 1997). A
value of P is given at the end of Sect. 3. We should mention, that in a more correct treatment
gain compression effects have to be directly included in the local gain g which enters Eq. 3
below and the rate of stimulated recombination.

The modal gain g, is twice the imaginary part of the propagation constant 8 which is
obtained as a solution of the transverse waveguide equation for the optical field £

@ A T 2l E@) =0 3
[W‘F?S(”vpv ,X)—,B:I (x) =0, 3)
where
. 2
52[5+M] )
4

is the complex dielectric function with A being the wavelength, 7 the refractive index, g the
local gain and « the local absorption coefficient. The different nontrivial solutions of Eq.3
subject to proper boundary conditions are the transverse modes of the laser. In this paper, we
consider only the Oth order (vertical) mode.

The electron and hole densities n and p as well as the temperature distribution 7' are
solutions of the transverse Poisson, drift-diffusion and heat-flow equations which are solved
by the tool WIAS-TeSCA (Bandelow et al. 2005). As a result, g, is obtained as a function
of the applied bias U and the local power P and stored in a look-up table. LSH is included
automatically via the power dependence of g, in Eq. 1. If g, is evaluated at the average
power in the cavity and if P; — oo, the usual model neglecting LSH and SHB is recovered.

The equations are supplemented by proper boundary conditions. The optical field E is
assumed to vanish at the upper and lower boundary. The contacts are assumed to be Ohmic,
so that the electrochemical potentials of electrons and holes are set to —U at the p-contact
and to zero at the n-contact. A mathematical formulation can be found in Ref. Bandelow
et al. (2005).

The heat flow equation is solved subject to the boundary condition

VKLdl =h[Ts—T] )
dx

where v = =1 is the normal unit vector, «, is the thermal conductivity of the lattice and
T; = 300 K is the heat sink temperature. The heat transfer coefficient # models the heat flow
to the exterior region and is chosen as follows. For CW operation, 7 = 0 holds at the bound-
ary opposite to the heatsink and 4 is fitted to the experimentally determined temperature rise
in active region at the boundary adjacent to the heatsink. For pulsed operation, 4 is set to a
very large number at all boundaries, which implies that 7 = T holds everywhere.

Most of the parameters entering the simulation are standard values extracted from different
references (Adachi 1985; van de Walle 1989; Adachi 1993; Bhattacharya 1993; Madelung
1996; Guden and Piprek 1996). In what follows we give the dependencies of some parame-
ters on the carrier densities and the temperature. In all equations 7Ty = 300 K is a reference
temperature and ng, po are the equilibrium carrier densities.

— refractive index and energy gaps: independent of carrier densities and temperature
— linear recombination lifetimes 7, = 7, = 3 ns
— rate of radiative recombination
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T8
Riaa =B |:?i| [np —nopo]l with B = 10710 cmSS_l, yp =1
0

— rate of Auger recombination

Ej kg By By
Rpaug = | Cpeto ¥n+ Cpetlo * p | [np — nopol
with C, =C, =2x 1070 em®~!, E" = Ef =0.1eV
— free carrier absorption

p ]/C" p ch
afe = fen I:TO:I n+ fcp I:TO:I p
with fon =4 x 1078 em?, fop =12 x 1078 em?, yon =1, yop =2

— inverse mobilities: same temperature dependence as free carrier absorption
— optical gain

. Fn—Fp—Eg) ] 1 1
n, = - | €X L) —1]- = . =
g(n, p) = g0 [ P ( kT 1+exp(£2750) | exp( EUkTF”)

with E., E,, conduction and valence band-edge energies,

E, = E. — E, energy gap,

Fy, F) electron and hole quasi-Fermi energies

and go = 4,000 cm~! obtained from microscopic gain calculation

and validated by cavity-length dependent measurements of the threshold current

3 Results

The layer sequence, thicknesses and ionized doping densities of the structure under study
are collected in Table 1. The epitaxial layer structure was grown on a n-GaAs substrate. The
emission wavelength is A ~ 1,065 nm. Cavity length and stripe width are L = 4 mm and
W = 100 wm, respectively, and the facet reflectivities are Ry = 0.01 and R; = 0.95. For
CW operation, the laser diode was mounted p-down on a conductively cooled package with
CuW as submount.

The transverse profiles of band-edge energies, quasi-Fermi energies and carrier densities
are shown in Fig. 2 computed slightly below threshold (/ = 700 mA). In the vicinity of the
active region the band-edge and Fermi energies are almost flat. The presence of the GRIN,
approximated by 4 layers here, is also clearly visible.

Figure 3 shows the measured and simulated power-current characteristics under CW and
pulsed, respectively, operation of two laser diodes. Experimentally, a maximum CW output
power of P = 13 W limited by thermal rollover and a maximum pulsed output power of
P = 90 W limited by the current driver were achieved. The reason for the rollover can be seen
from Fig.4 which shows the transverse profiles of band-edge energies, quasi-Fermi energies
and carrier densities. First, due to the decrease of the gain caused by internal self-heating the
carrier densities in the QWs and as a consequence also the carrier densities in the confinement
layers increase. Second, the voltage drop in the p-doped layers manifests in a bending of the
quasi-Fermi energy of the holes and leads as a consequence to a bending of the band-edge
energies. This causes a correspondingly linear rise of the electron density with increasing
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Table 1 Layer sequence, thicknesses d and ionized doping densities C of the structure under study

Layer Compound Thickness d/nm Doping C/ 1018 cm—3
Cladding p—A10'25Ga0'75AS 25 -2
GRIN p-GaAs — p-Aly25Gag 75As 1,500 —0.1 - =2
Confinement p-GaAs 700 —0.05
100 —0.01
Spacer GaAs 10
QW Ing.29Gag 71 As 7
Barrier GaAs 50
QW Inp 29Gag 71 As 7
Barrier GaAs 50
QW Ing 29Gag,71As 7
Barrier GaAs 50
QW Ing29Gag 71 As 7
Spacer GaAs 10
Confinement n-GaAs 1,300 0.01
300 0.1
200 0.2
100 0.5
Cladding n-Alg25Gag 75As 100 0.5
200 1

energy E/ eV

-2
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carrier density / 10" cm®

o
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o
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Fig. 2 Transverse profiles of a conduction and valence band-edge energies as well as quasi-Fermi energies
and b electron and hole densities slightly below threshold (I = 700 mA)

distance from the QWs. The accumulated minority carrier densities give rise to increased
non-stimulated recombination and free-carrier absorption.

However, as Fig. 3 reveals, good agreement between measurement and simulation is
achieved only if LSH is included. Figure 5 shows the profiles of the the total power P and
modal gain g, as function of the longitudinal position z. LSH leads to a more rapid growth of
the power in the vicinity of the rear facet at z = 4 mm where the gain is large and to a reduced
increase of the power in the vicinity of the front facet at z = 0 where the gain approaches
transparency. At the end this leads to a reduced output power. If LSH is neglected, the gain is
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Fig. 3 Power-current characteristics for a CW and b pulsed operation. Solid lines and crosses represent
experimental results, dashed lines theoretical results
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Fig. 4 CW transverse profiles of a conduction and valence band edges as well as quasi-Fermi energies and
b electron and hole densities at a power of P = 15 A beyond roll-over (without LSH)
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Fig. 5 Longitudinal profiles of a optical power and b modal gain for the cases with and without longitudinal
spatial holeburning for a current of 7 =20 A

constant across the cavity which leads to an almost exponential growth of the power towards
the front facet.

Under operation with short current pulses (300 ns pulse width), self-heating can almost
be neglected and much higher power levels can be reached. Nevertheless, the output power
of P = 90 W obtained at a current of / = 240 A is smaller than expected from the slope
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Fig. 6 Pulsed transverse profiles of a conduction and valence band-edge energies as well as quasi-Fermi
energies and b electron and hole densities at a power of P = 100 W (without LSH and SHB)

efficiency S = 0.9 W/A determined at lower power levels. Even if LSH is neglected, already
a decrease of the slope efficiency above an output power of P = 50 W is obtained in the
simulation. The reason for this decrease can be seen from Fig. 6 which shows the transverse
profiles of band-edge energies, quasi-Fermi energies and carrier densities. The voltage drop
in both the n- and p-doped layers manifests in a bending of the quasi-Fermi energies of elec-
trons and holes, respectively, and leads as a consequence to a bending of the corresponding
band-edge energies. This causes a linear rise of the electron density in the p-confinement
layer and even in the GRIN and a weaker rise of the hole density in the n-confinement layer
with increasing distance from the QWs.

The strong reduction of the slope observed experimentally can only be reproduced if
additionally to LSH gain compression due to SHB and other non-linear effects is taken into
account. In order to match the experimental results, a saturation power of P; = 300 W (for a
lateral width of W = 100 pm) has been chosen. This value corresponds to a gain compression
factor of

dW hc ¢ __; o4 3
e =———P "~=8x10 m
SHB I A ng s

assuming d = 0.028 pm, W = 100 pm, I" = 0.02, A = 1 wm, ny = 3.6, which is at the
lower limit of the values given in Wang and Schweizer (1997).

4 Conclusion

We achieved good agreement between measured and simulated light—current characteristics
of high-power broad-area laser diodes using a drift—diffusion based numerical model. Lon-
gitudinal spatial holeburning and spectral holeburning (the later in case of pulsed operation
only) must be taken into account. To a large extent, band bending and accumulation of minor-
ity carriers in bulk layers are responsible for thermal-rollover and power saturation. In order
to further increase the output power the heating must be reduced, the band gaps of the bulk
layers must be enlarged and the gain profile along the cavity must be homogenized.
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