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InAs-based interband-cascade-lasers emitting around 7 yum with threshold
current densities below 1 kA/cm? at room temperature

Matthias Dallner,’ Florian Hau,' Sven Hofling,"? and Martin Kamp'
YTechnische Physik, University of Wiirzburg, 97074 Wiirzburg, Germany
2SUPA, School of Physics and Astronomy, University of St. Andrews, St. Andrews KY16 9SS, United Kingdom

(Received 15 December 2014; accepted 19 January 2015; published online 28 January 2015)

Interband cascade lasers (ICLs) grown on InAs substrates with threshold current densities below
1 kA/ecm? are presented. Two cascade designs with different lengths of the electron injector were
investigated. Using a cascade design with 3 InAs quantum wells (QWs) in the electron injector, a
device incorporating 22 stages in the active region exhibited a threshold current density of
940 A/cm” at a record wavelength of 7 um for ICLs operating in pulsed mode at room temperature.
By investigating the influence of the number of stages on the device performance for a cascade
design with 2 QWs in the electron injector, a further reduction of the threshold current density to
800 A/cm?® was achieved for a 30 stage device. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4907002]

Efficient and reliable laser sources in the mid-infrared
spectral region are crucial for a variety of applications, such
as tunable laser absorption spectroscopy (TLAS). The vast
improvements in the performance of interband cascade lasers
(ICLs)" over the last years have made this laser type a prom-
ising candidate for these tasks. ICLs grown on GaSb-
substrates have proven capable of covering wavelengths
from around 3 ym up to 5.6 um in room temperature cw
operation.”™ InAs-based ICLs allowed a further extension of
the covered emission wavelengths up to 10.4 um at cryo-
genic temperatures.®® Here, a plasmon waveguide configu-
ration is used instead of superlattice claddings for an easier
growth and better thermal conductivity.” While injector-
based quantum cascade lasers (QCLs) have already shown
cw operation at room temperature with high output powers
in this wavelength region,'”!" they suffer from relatively
high threshold power densities due to the short upper state
lifetimes and the resulting need for a large number of cas-
cades to generate sufficient gain. However, a 60 stage injec-
torless QCL device emitting at 6.8 um was able to show a
threshold power density below 6kW/cm?” at 300 K.'? In this
work, we present InAs-based ICLs with threshold current
densities (jy) in pulsed operation below 1kA/cm?, threshold
power densities below 10kW/cm? and emission wave-
lengths around 7 um. It is worth mentioning that, in addition
to the achievement of a long wavelength room temperature
emission record for ICLs, these pulsed threshold current den-
sity values are the lowest at room temperature reported so far
for InAs-based ICLs.

The samples presented in this work were grown using
an EIKO molecular beam epitaxy system on n-type InAs
substrates. For the group III elements, normal solid source
effusion cells were used while cracker cells were used for
the group V elements arsenic and antimony. A growth tem-
perature of 450°C, measured by a pyrometer, was main-
tained throughout the growth for all InAs-layers, including
the waveguide and cladding layers. No temperature adjust-
ments were made for the AlSb, GaSb, and GalnSb layers in
the active region. As all layers used in the structure are either

0003-6951/2015/106(4)/041108/4/$30.00

106, 041108-1

lattice matched or compressively strained with respect to the
InAs substrate, there is no strain compensation by the layers
itself as in GaSb-based ICLs. In order to at least partially
compensate the compressive strain, highly tensile strained
AlAs interfaces are favorable at the InAs/AISb transitions.
For this reason, we included growth interruptions of 6s
under As flux after the AISb barriers in the electron injector
to enforce AlAs interfaces. No growth interruptions were
added within the W-quantum well (QW) or the hole injector.

Two active region designs were used in this work, as illus-
trated in Figure 1. Design A is similar to the one reported in
Ref. 8, with a short electron injector containing three InAs
QWs. Minor changes were necessary regarding the QW widths
in the active region to extend the emission wavelength to
7 um. The total layer sequence of one cascade is 2.5 nm AlSb/
4.55nm InAs/1.2nm AlSb/3.5nm InAs/1.2nm AISb/3.4 nm
InAs/2.5 nm AlSb/3.15 nm InAs/3.0 nm Gag 7¢Ing »4Sb/2.75 nm
InAs/1.0nm AISb/3.0nm GaSb/1.0nm AlSb/4.5nm GaSb/
2.5nm AlSb. The first and second InAs-QW in the electron in-
jector are Si-doped with a concentration of 1 x 10®cm ™2 to
achieve carrier rebalancing within the W-QW* and hence
improve the device performance. Design B features an even
shorter electron injector, containing only two InAs/AlSb pairs.
The W-QW and the hole injector sequences are left
unchanged. The layer sequence for this design is 2.5 nm AlSb/
4.35nm InAs/1.2nm AISb/3.3nm InAs/2.5nm AISb/3.15nm
InAs/3.0nm Gag 76Ing4Sb/2.75 nm InAs/1.0nm AlISb/3.0 nm
GaSb/1.0 nm InAs/4.5 nm GaSb/2.5 nm AlSb. Both InAs-QWs
in the electron injector were again Si-doped at 1 x 10"®cm ™3,
General benefits expected from a shortened injector design are
slightly increased mode intensities in the active region'> and
hence a higher gain, and less hetero-interfaces.

The number of cascades was increased with respect to
Ref. 8 to compensate for the increased losses at longer wave-
lengths, as well as the reduced spatial overlap of the electron
and hole wavefunctions in the W-QW. The latter is reduced
from 23.6% to 21.0% by shifting the wavelength from 6 um
to 7 um. For both designs, samples with 22 cascades in the
active region were fabricated, named as A22 and B22. To

© 2015 AIP Publishing LLC
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FIG. 1. Simulations of a cascade structure of designs A and B, containing
the electron and hole injectors and the active W-QW. The black lines indi-
cate the conduction band edge, the blue curve indicates the heavy hole band
edge. The electron and hole probability densities are represented by the
green and orange curves, respectively. An electric field of 75kV/cm was
used for both simulations.

study the influence of the cascade number on the device per-
formance, additional samples with stage design B were
grown with 18, 26, and 30 cascades, named as B18, B26,
and B30, respectively.

The active region of each laser was embedded in thick
undoped InAs layers with equal widths on top and bottom
acting as waveguide. The nominal width of these layers was
1290 nm for samples A22 and B22 with 22 cascades in the
active region. For the samples B18, B26, and B30, wave-
guide widths of 1370 nm, 1210 nm, and 1130 nm were cho-
sen, respectively, to keep the same mode overlap with the
cladding region, and hence constant absorption losses in this
region for all samples. 1600 nm thick cladding layers consist-
ing of highly Si-doped InAs with a doping concentration of 3
x 10" em ™ provide the refractive index contrast required
for a proper mode confinement. All layers of the waveguide
structure were grown epitaxially with a growth rate of
890 nm/h, resulting in a total thickness of the grown layers
of around 6.5 um.

After growth, the samples were processed into ridge
waveguide lasers. An inductively coupled plasma reactive
ion etch step was used to etch the structures to a depth of
around 4.0 um through the active region into the bottom
waveguide, followed by a short wet etch using phosphoric
acid to clean the surface. Afterwards, 200nm SizN, and
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200nm SiO, passivation layers were sputtered on the side-
walls to avoid leakage currents. The samples were then
cleaved into laser bars of defined length. No facet treatment
was applied and the devices were measured epi-side up on a
copper heatsink. To minimize the heating of the samples dur-
ing the measurement, the devices were measured in pulsed
mode at a pulse frequency of 1 kHz and a pulse width of
100 ns.

Figure 2 shows the pulsed light-current characteristics of
sample A22 at several temperatures between 0°C and 50 °C.
The measured device was 2mm long and 45 um wide. The
threshold current density at 20°C is 940 A/cm?. The reduced
Jjin With respect to our previous results from Ref. 8 is mainly a
consequence of the higher doping in the active region for car-
rier rebalancing and the increased number of cascades. Below
40°C, a T, value of 35K was extracted from the measure-
ments, with a reduced value of 13K above this temperature
up to the maximum operation temperature of 55 °C. The set-
in voltage at 20°C, extracted from an extrapolation of the
voltage-current curve to I=0A, is 5.9 V. Comparing this to
the theoretical minimum set-in voltage of 4.0V, which is
given by the product of the photon energy and the number of
cascades, this indicates parasitic voltage drops of around
86 mV per stage. For the threshold power density, a value of
7.2kW/cm? was extracted. Figure 3 shows emission spectra
of this device at temperatures of 0°C, 20°C, and 40°C.
Emitting at a wavelength of 7 um at 20 °C, this is the longest
wavelength ICL working at room temperature reported so far.
A temperature induced wavelength tuning rate of approxi-
mately 4.8 nm/K was found, which is higher than the value of
3.2nm/K reported elsewhere for ICLs in this wavelength
region at cryogenic temperatures.'*

For sample B22, a slightly increased jy, of 1100 A/cm?
was measured at 20 °C in pulsed operation for a device with
equal dimensions. As is shown by the exponential fits to the
measurement data in Figure 4, the T,y value below 35°C is
30K, and 10K above this temperature. Lasing operation
could be maintained up to a temperature of 43 °C. Hence, the
longer cascade structure of design A shows superior results
in terms of the threshold current density. This might be
caused partly by increased losses due to the close vicinity of
the doped layers to the W-QW in design B, whereas an

T T T T T T 40

voltage (V)
optical power (mW)

0 0.5 1 1.5 2 2.5 3
current (A)
FIG. 2. Light-current characteristics at several temperatures between 0°C

and 50°C of a 2mm long and 45 um wide device of sample A22. The
voltage-current curve was measured at 20 °C.
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FIG. 3. Emission spectra at 0°C, 20 °C, and 40 °C of a deeply etched 2 mm
long and 45 um wide device of sample A22. The measurements show a tun-
ing rate of approximately 4.8 nm/K for this device.

undoped InAs QW separates these regions in design A.
Hence, an improved performance of design B might be
achieved in future devices by optimizing the doping profile.
The set-in voltage of device B22 is 5.1 V, meaning lower
parasitic voltage drops in the active region as for sample
A22. However, the higher threshold current density still
results in a slightly higher threshold power density of
7.9kW/cm? compared to sample A22.

Figure 4 also shows the temperature dependent thresh-
old current densities of samples B18, B26, and B30 with a
variation of the cascade numbers. In general, the threshold
current density is expected to decrease with increasing cas-
cade numbers, as the overall device gain is increased. At the
same time, however, due to the series connection of the cas-
cades, the threshold voltage is expected to increase, as the
voltage drop in the active region scales linearly with the
number of cascades. Hence, the lowest value of the threshold
power density depends on the actual dependence of those
two parameters. The dependence of j; and the threshold
power density on the number of cascades at 20 °C is shown
in Figure 5. A steady decrease in jy, can be observed with
values of 1160 A/cm? (B18), 1110 A/cm? (B22), 930 A/cm?
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FIG. 4. Temperature dependent threshold current densities for samples B18
to B30. Each laser was 2 mm long and 45 um wide. The straight lines repre-
sent exponential fits of the measured data to retrieve the T, values of each
device.
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FIG. 5. Threshold current densities (red) and threshold power densities
(blue) of 2mm long and 45 um wide deeply etched devices of samples B18
(18 cascades), B22 (22), B26 (26), and B30 (30). The inset shows the emis-
sion spectra of these devices at 20 °C.

(B26), and 800 A/cm® (B30), meaning a further reduced
threshold current density with respect to sample A22. The
latter is the lowest pulsed threshold current density at room
temperature reported for InAs-based ICLs so far. For the set-
in voltage, values of 4.7V, 5.1V, 54V, and 7.3V were
retrieved for samples B18, B22, B26, and B30, respectively.
The resulting threshold power densities do not show a clear
trend along the cascade numbers. The lowest value was
determined for device B26 at 7.3 kW/cmz, which is slightly
higher than that for device A22. The T, values slightly
increase with the number of cascades. Values of 28 K, 30 K,
31K, and 34K were retrieved for samples B18, B22, B26,
and B30, respectively, around 20°C. The wavelengths for
the devices at 20°C vary slightly between 6.80 um and
6.95 um as can been seen in the inset of Figure 5.

We have shown ICLs grown on InAs substrates with
two different active region designs. Lasers from both
designs were able to emit around 7 yum with threshold cur-
rent densities below 1kA/cm?, although the design with a
longer electron injector showed superior results with regard
to the threshold current density and threshold power density
at equal stage counts. By increasing the cascade numbers,
a steady decrease in threshold current density was
found, resulting in a record low threshold current density of
800 A/cm? for a device with 30 cascades and a short elec-
tron injector containing 2 QWs. A threshold power density
of 7.2kW/cm? was found for a device comprised 22 stages
and the injector design with 3 QWs.
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