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The role of Auger recombination in the temperature-dependent output
characteristics (Ty=) of p-doped 1.3 pm quantum dot lasers
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Temperature invariant output slope efficiency and threshold cuffgate) in the temperature range

of 5-75 °C have been measured for L8 p-doped self-organized quantum dot lasers. Similar
undoped quantum dot lasers exhibg=69 K in the same temperature range. A self-consistent
model has been employed to calculate the various radiative and nonradiative current components in
p-doped and undoped lasers and to analyze the measured data. It is observed that Auger
recombination in the dots plays an important role in determining the threshold current of the
p-doped lasers. @004 American Institute of PhysidDOI: 10.1063/1.1829158

The temperature dependence of the threshold current gfrocess an excited state electron scatters from holes in the
quantum do{QD) lasers is a subject of immense interest, inground state, thereby transferring their energy to the holes
the context of applications envisaged for these devices. Tectand relaxing to the ground state. The energetic holes move to
niques such ap-doping of the dots? and the use of tunnel higher energy states, from which they thermalize rapidly by
injection heterostructurdave resulted in reduced tempera- multiphonon emission due to the close proximity of the hole
ture dependence of the threshold current and large values efates. In the present study, we have incorporated the trend
To(ln(M/1(0)=exp(T/Ty)). We have recently measured and very similar values of the measured Auger coeffi¢tent
temperature-invariant threshold currdiiy=) in the tem- in analyzing the threshold currents.
perature range 5-75°C in 1.8m InAs self-organized The laser heterostructure, grown by MBE, is shown in
p-doped quantum dot lasers grown by molecular beam epiFig. 1(a). The modulation doping of the dots with holes is
taxy (MBE).4 While large values off; have been theoreti- done by delta-doping with a carbon-doped layer in the GaAs
cally predicted™’ and measuréd in p-doped quantum dot waveguide region separated from the quantum dots by 14
lasers, complete temperature independendg, @ unlikely,  nm. The optimum doping level was determined by studying
since the emission and the density of states function of selthe luminescence of the dots and the device characteristics.
organized quantum dots—either doped or undoped—ar&he results reported here are fsdoped quantum dot lasers
broadened inhomogeneously due to size fluctuations. Thaith a doping of 5< 10! cmi 2. Heterostructures with un-
narrowest photoluminescence linewidth reported for ardoped dots were also grown for comparison. Mesa-shaped
ensemble of InGaAs self-organized quantum dots isdroad areq100um-wide) and single-mode ridge waveguide
16-29 me\P? Therefore, a recombination process, the ratg3 pm ridge width lasers were fabricated. Lasers of various
of which possibly deceases with temperature, needs to blengths, in the range 400—20Qfn, were obtained by cleav-
considered in order to explain the experimental observationsng. Measurements were made on lasers with facet reflectivi-
In the present study we have analyzed the temperature dées of 32% and 95%.
pendence of the threshold current of 1u® p-doped self- Light—current characteristics of both single-mode and
organized quantum dot lasers by considering radiative angroad-area lasers were measured in a wide temperature range
nonradiative recombination processes in the quantum dotgoth in continuous wave and pulsed madeus, 10 kH2 of
wetting layer, and the GaAs barriers and waveguide regionsiasing with the devices mounted on a Cu heat-sink, whose
It is found that Auger recombination in the quantum dots,temperature was stabilized with a Peltier cooler. To avoid
whose rate decreases with temperature, plays a significaghy significant heating of the device, the measurements re-
role in establishing the overall temperature dependence qforted and analyzed here are done under pulsed mode bias-
the threshold current, which is in agreement with the concluing. From the light—current characteristics of thedoped
sion drawn by Markoet al*° from hydrostatic pressure- broad area lasers of varying cavity length, we determine the
dependent measurements. We have previously determing@lue of internal quantum efficiency=0.62 and cavity loss
the temperature-dependent Auger recombination coefficienty=6.6 cni? by plotting the inverse of differential efficiency,
in self-organized quantum dots from large-signal modulation,]d, against cavity length. The value &f, is 380 A/cn? for a
experiments made on 1,0m Iny Ga As/GaAs quantum  cavity length,l, of 1000 um. For the undoped QD lasers,
dot lasers? Contrary to the trend in higher-dimensional sys- 7,7 and J, are 0.89, 4.3crt, and 110 A/crA(l
tems, the Auger coefficierdecreasesvith increase of tem-  =1000.m), respectively. The spectral output of a single-
perature, which is a direct consequence of the temperatug,de p-doped laser at room temperature is shown in Fig.
dependence of electron-hole scatterifig? In this scattering 1), Plotted in Fig. 2 are the light—currefit—) character-

istics of a single-mode-doped laser at room temperature.
¥Electronic mail: pkb@eecs.umich.edu From temperature-dependent measurements it is found that
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(b) Wavelength (nm) in (a) p-doped, andb) undoped self-organized quantum dot lasers. Also

shown are the contributing current components resulting from radiative re-
combination in the dot$Jop), recombination in the barrier/waveguide re-
gions (Jgand, Wetting layer(Jy,), and Auger recombination in the dots
(Jaug)- The inset in(b) shows the temperature dependence of the Auger
coefficients used in the calculation.

FIG. 1. (a) Heterostructure schematic of Jug p-doped and undoped self-
organized quantum dot lasers grown by molecular beam epitaxyputput
spectrum ofp-doped single-mode lasers at 15 °C obtained with pulsed
biasing.

both the threshold current density,, and the output slope layer, GaAs regions, and MGa, gsAs outer cladding layers
efficiency of theL—I characteristics remain unchanged over ahave been neglecté®!® Hydrostatic pressure-dependent
wide temperature range, as shown by the data points in Figneasurement of threshold current in QD lasers shows that
3(a) and the inset to Fig. 2, respectively. Similar results andalthough carrier thermal excitation and the consequent non-
trends were observed under continuous wave figse in  radiative recombination in the GaAs barrier regions may be
the temperature ranges5T<50 °C). On the other hand, as important in 1.0um lasers, it is not significant in 1.8m
shown in Fig. 8b), Jy, increases monolithically with tem- lasers and Auger recombination is the only dominant nonra-
perature in lasers with undoped barri¢fg=69 K). diative term'® The modal gain in the devices was calculated
In order to understand these trends, we have analyzegly including interband transitions between the ground and
the measured threshold current data by taking into accourirst two excited states and by assuming inhomogeneously
radiative recombination in the quantum dots, wetting layerproadened Gaussian linewidth of 50 meV for the transitions.
and GaAs barrier/waveguide regions, and Auger recombinaFhe optical confinement factor 8=0.01. The height, base
tion in the dots. Nonradiative recombination in the wettinglength, and density of the dots are 7 nm, 12 nm, and 5
X 10 cm™, respectively. The temperature-dependent

B band gaps are calculated with the Varshni equation. The
= 10} 3x400pm band structurgbound states in the dots and band-offsets
% 8 are calculated with the eight-bakdo formulation. The wet-
= T=20°C ting layer is treated as a two-dimensional electron’dasd
= 6 Los the temperature dependence of the wetting layer states in the
5 03 range 5-80 °C is neglected since it is very small in the very
9 4 e . shallow well (<1 meV). The threshold condition and the
=) . measured values of cavity loss are used to determine the
a 2 % 25 50 75 100 carrier densities in the different regions. Fermi-Dirac statis-

Temperature (°C) tics was employed/*®~*8with the assumption of flatband
0 0 20 40 60 80 quasi-Fermi levels across the active region at threshold and

complete ionization of dopants. In the case of fhdoped
QD lasers, charge neutrality was assumed to exist between
FIG. 2. Light—current characteristics of lufh single-modegy-doped quan- each QD layer and the immobile ionized dopants in the

tum dot lasers at 20 °C with pulsed biasing. The inset shows the variation of€ighboring barrier. The values of the Auger recombination

slope efficiency with temperature. coefficient used are discussed in the next paragraph.
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The results of the analysis are depicted in Figs) and  found that Auger recombination in the dots plays an impor-
3(b) for p-doped and undoped lasers, respectively, togethetant role in establishing temperature invariancelgfin the
with the measured threshold current densities of single-modeange 5-75 °C.
devices. The temperature dependence of the different current
components and their cumulative effect are shown. It is evi- ~ This work is being supported by the Army Research Of-
dent from Fig. 8b) that radiative recombination in the quan- fice under Grant No. DAAD19-01-1-0331.
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