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Abstract

Long-wavelength lasers, emitting above 2 pum, are attractive light sources for trace-gas sensing systems with tunable
diode-laser absorption spectroscopy (TDLAS). Here, GaSb-based lasers are perfectly suited, as they can cover the spec-
tral range from 2 to 4 um. Many technologically important gases, such as CO, CO,, CHy, NHj3, N,0O, etc., have strong
absorption lines in this region. The spectral range around 2.9 - 3.0 um is of specific interest for NH; and N,O sensing
applications. In this work, we present state-of-the-art GalnAsSb/AlGalnAsSb quantum-well (QW) ridge-waveguide las-
ers emitting around 3 pm. Episide-up mounted devices operate in continuous wave (CW) with very low threshold cur-
rent densities up to record-high 64 °C heatsink temperature. This is by ~20 °C higher, than the best reported value of
45 °C for episide-down indium-soldered devices at this wavelength range. In pulsed mode devices were operating
beyond 80 °C heatsink temperature, limited only by the characterization set-up. Extrapolated pulsed threshold currents
at 20 °C for infinite resonator length (L—o0) yield 168 A/cm” for 3 QW active region, corresponding to only 56 A/cm?
per QW. In CW operation the extrapolated (L—o0) threshold current was found to be 198 A/cm?, yielding 66 A/cm? per
QW. For this long wavelength range, a very high characteristic temperature (T,) of 43 K was determined in the tem-
perature range of 10 to 60 °C.

ment in the wells.. Typically, the material of choice is ei-
1 Introduction ther quaternary AlGaAsSb or quinternary AlGalnAsSb, as
GaSb barriers cannot provide sufficient hole confinement
anymore.
In this work we present lasers with 3 GalnAsSb QWs em-
bedded in quinternary AlGalnAsSb barrier layer. Lasers
operate in CW around 3um up to record-high 64 °C and
exhibit very low threshold current densities, like 66 A/cm®
per QW for infinite length, at 20 °C.

Long-wavelength lasers, emitting above 2 um, are attrac-
tive light sources for trace-gas sensing systems with tuna-
ble diode-laser absorption spectroscopy (TDLAS) [1].
Here, GaSb-based lasers are perfectly suited, as they can
cover the spectral range from 2 to 4 um. Many technolo-
gically important gases, such as CO, CO,, CH,, NH;, etc.,
have strong absorptions lines in this region [2]. The spec-
tral region around 2.9 um is of particular interest for NH;
sensing applications. However, several problems arise with
increasing laser emission wavelength. Carrier loss mechan-
isms, such as Auger recombination and inter-valence band 2.1 Design and epitaxial growth
absorption rapidly increase. Moreover, epitaxial growth of
quantum-well (QW) material for longer wavelengths gets
complicated: in-situ annealing effects [3-5] during growth,
which lead to a significant increase of bandgap energy and
material deterioration become critical. Also, one has to in-
crease the In concentration to lower the transition energy,
which brings the material deeper into the miscibility gap
[6] and makes it more difficult to grow. Additionally, in-
creasing indium content reduces the valence band offset
and a proper barrier material has to be chosen to maintain
type-I band alignment, which is needed for hole confine-

2 Device fabrication

The device structures were grown on n-GaSb substrates in
a solid source Varian Mod Gen — II MBE system equipped
with valved cracker cells for antimony and arsenic. The
temperature is determined by means of optical pyrometry,
which is calibrated to the GaSb oxide desorption tempera-
ture ~ 550 °C. The growth starts with a 2500 nm thick
AlysGaysAsg4Sb n-cladding layer grown at 500°C. Here,
the first 1500 nm were nominally doped to the level of
5x10”cm™ and the remaining 1000 nm were doped to
1x10"7cm™ to reduce the losses due to free-carrier absorp-



tion. The cladding is followed by the growth of a wave-
guide layer, which also serves as a separate confinement
layer. For the waveguide material 275 nm thick quaternary
Alg 15Gag gsAsg 0oSbgog Was chosen. In order to reduce the
voltage drop, but still keep the free-carrier losses low in
this high-bandgap (0.91 eV) material, the waveguide was
doped in the following manner: the first 100 nm were Te
doped to the level of 5x10'°cm™ and the remaining 175
nm had a Te doping of 2x10"°cm™ . Next, the active re-
gion is grown at a temperature of 460 °C. We chose three
compressively strained (1.43% relaxed strain) 10nm wide
Gay 57Ing 43A80.18Sbg 5, QWs embedded in 10 nm wide digi-
tally alloyed quinternary Alj16Gag¢11ng23As02,Sbg7g bar-
riers. The latter well-barrier combination resulted in type —
I band alignment with 147 meV confinement for the elec-
trons and 71 meV confinement for heavy holes, calculated
from the first quantized states. The schematic band dia-
gram is presented in Fig. 1. All calculations were carried
out using material parameters from [7] and quaternary al-
loy bowing parameters were from [8].
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Figure 1 Simulated schematic energy-band diagram of the
active region in the laser.

After the active region, the nominally undoped 275 nm
thick Aly 5GaggsAso02Sbogs Wwaveguide was grown, which
was followed by a Si doped 2500 nm thick
AlysGag sAsg04Sb p-cladding layer. The layer was doped in
a similar manner as the n-cladding: the first 1 um had a
doping level of 1x10" cm™ and the remaining 1.5 um had
a doping of 5x10"7cm™ . The structure was finished with a
50 nm thick heavily doped (1x10" cm™) p-GaSb contact
layer.

2.2 Device fabrication and

characterization

Ridge-waveguide lasers with stripe widths from 3 to
30 um were processed by dry chemical etching of the p-
cladding layer and stopping in the waveguide before the
active region. For mesa passivation, sputtered SiO, was
used and for p- and n- metallization Ti/Pt/Au contacts have
been evaporated. The lasers were cleaved into laser bars of
different lengths (from 500 pm to 4mm) and were

mounted episide-up on copper heat sinks. For threshold
current density evaluation in CW and pulsed mode no facet
coating has been applied. For maximum operation temper-
ature evaluation in CW mode, high-reflective (HR) coat-
ings of 95 % reflectivity have been applied on one facet.
The other facet was left as cleaved (AC). All measure-
ments have been carried out on a temperature controlled
stage. All pulsed measurements have been carried out us-
ing 500 ns pulse length, with a repetition frequency of
1kHz. The temperature values given in this paper corres-
pond to heat sink temperature, measured with a thermo-
pile, and are uncorrected for internal heating of the device.

3 Device results and discussion

Figure 2 shows a semi-log plot of pulsed threshold current
density as a function of inverse cavity length. Lasers exhi-
bit very low threshold current densities, corresponding to
an extrapolated value of 56 A/cm” per QW, at infinite re-
sonator length. Current broadening of 8.8 pm on both sides
has been extracted from threshold current dependence on
mesa width and the validity of the estimate was proved by
a good overlap of the threshold current densities for devic-
es with different mesa widths. From threshold current —
temperature dependence a high characteristic temperature
T, value of 43 K has been extracted (see inset in Fig. 2).
This value is by 20% to 30% better than recently reported
values for this wavelength range [9-11] (see Table 1). We
attribute such a better performance to a relatively strong
heavy hole confinement of 71 meV achieved with our bar-
rier-well material combination. In comparison, devices in
[11] had a confinement for holes of only 20 meV.
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Figure 2 Pulsed threshold current density as a function of
inverse cavity length at 20°C for devices with mesa width
of 30 um. The inset shows threshold current density as a
function of heatsink temperature under pulsed operation
for a 1 mm long device with 10 pm wide ridge. Exponen-
tial fit of the data gives the characteristic temperature of
43 K.

In addition to low-thresholds and good characteristic tem-
perature, devices also exhibit a very large operation tem-
perature range. The maximum operating temperature under



pulsed operation was found to be above 80 °C, what is li-
mited by the measuring set-up and not the device itself.
This is much higher than values of 55 °C [9-10] and 50 °C
[11] reported up to now (see Table 1).

TABLEI
DEVICE PROPERTIES
AW 2w 20w 2qw
Parameter (This laser laser laser
work) [11] [12-13] [10]
yl
(nm) 2.9-3.0 3.0 3.1 2.9-3.0
T (K) 43 30 - 34
Tmax. CW 64 30 45 38
(°O)
Tnax. >80 50 - 55
(pulsed)
(°O)
Jy per 155 595 163" 562"
QW, CW
(A/em?)
at RT
L (mm) 1 1.8 2 1.2

Table 1 Device properties of GalnAsSb QW lasers, emit-
ting around 3 pm. Here 4 is the emission wavelength of the
laser, Jy, is threshold current density, 7j is characteristic
temperature, 7T, is the maximum operation temperature
and L is the cavity length. "This device had HR/AC coat-
ings on mirrors and was mounted episide-down; ~ the thre-
shold current is for a DFB laser.

CW, T=20°C
J, = 66 Afem® per QW
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Figure 3 CW threshold current density as a function of
inverse cavity length, at 20°C. No facet coating has been
applied to this device.

For CW threshold characterization, devices were also epi-
side-up mounted on copper heatsinks and facets were left

uncoated. Threshold current as a function of inverse cavity
length, under CW operation is plotted in Fig. 3. Very low
threshold current densities of 66 A/cm* per QW have been
extrapolated from the threshold current dependence on
cavity length in Fig. 3. Since for previously published de-
vices the data on threshold current at infinite length is not
available, we have compared the values reported for cer-
tain resonator lengths, as can be seen in Table 1. One can
see, that our value of 155 A/cm® per QW, for a 1 mm de-
vice with uncoated facets is better than the best reported
value for episide-down mounted 2 mm device with HR/AC
coatings up to now [12-13] and more than 3 times lower
than values reported in [10] and [11].

In order to investigate the maximum operation temperature
range under CW operation, we have applied a HR coating
on one facet, resulting in a 95 % reflectivity and the other
facet was left as cleaved. Episide-up mounted devices
showed lasing up to a record-high heatsink temperature of
64 °C (see Fig. 4). This is by far the best reported value up
to now. It is by 30 % better than the best value achieved
for episide-down indium-soldered devices [12-13] and by a
factor 2 better than the value reported in [10] and [11].
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Figure 4 CW power-current characteristics of a 2 mm long
device with a 7 um wide mesa at 15 °C (black squares) and
at 64 °C (red circles). The inset shows laser emission spec-
tra at 15 °C.

We attribute such excellent device performance to a good
epitaxial quality of the laser structures, indicated by a very
low value of 3 cm™ for intrinsic loss at 20 °C, and to the
choice of well-barrier material combination, which enabled
the achievement of high (71 meV) heavy-hole offsets, re-
sulting in reduced hole leakage and improved temperature
performance. Moreover, our quinternary barrier resulted in
a lower conduction band offset (147 meV) than the one
achieved with binary GaSb barriers (300 meV), what al-
lowed a more homogeneous filling of the quantum wells
and was reflected in very low threshold current densities.



4 Conclussions

To summarize, we presented 3QW ridge waveguide lasers
with record performance. The devices operate in CW
mode up to record-high 64 °C and above 80°C in pulsed
mode, with an emission wavelength in the range of 2.9 —
3.0 um. They exhibit very low threshold current densities
of 66 A/lcm® and 56 A/cm” per QW for infinite length, at
20 °C in CW and pulsed operation, respectively. For this
wavelength range, the presented devices have a very high
characteristic temperature of 43 K. Such excellent perfor-
mance is attributed to the fact that by using quinternary
AlGalnAsSb barriers we were able to suppress hole lea-
kage and increase the homogeneity of electron filling in
the quantum wells by increasing heavy hole confinement
to 71 meV and reducing the conduction band offsets to 147
meV.
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