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Abstract—We report on the substantial advancement of long
wavelength InAs-based interband cascade lasers (ICLs) utilizing
advanced waveguides formed from hybrid cladding layers and
targeting the 10-12 pm wavelength region. Modifications in the
hole injector have improved carrier transport in these ICLs,
resulting in significantly reduced threshold voltages (V) as low as
3.62 V at 80 K. Consequently, much higher voltage efficiencies
were observed, peaking at about 73% at 10.3 pm and allowing for
large output powers of more than 100 mW/facet. Furthermore,
low threshold current densities (Ju) of 8.8 A/cm? in cw mode and
7.6 A/cm? in pulsed mode near 10 um were observed; a result of
adjustments in the GalnSb hole well composition intended to
reduce the overall strain accumulation in the ICL. Furthermore, a
second ICL wafer operating at a longer wavelength achieved a
peak voltage efficiency of 57% at 11.7 pm, with a peak output
power of more than 27 mW/facet. This ICL went on to lase beyond
12 pm in both cw and pulsed modes, representing a new milestone
in long wavelength coverage for ICLs with the standard W-QW
active region.

Index Terms—Interband cascade lasers, mid-infrared
semiconductor lasers, type-II quantum well heterostructures, I11-
V materials, optical waveguides.

I. INTRODUCTION

NTERBAND cascade lasers (ICLs) [1] have seen
tremendous improvements over the last 20 years,
particularly in the 3-6 pm mid-infrared (MIR) window as
the leading laser technology for applications [2-7], where

low power consumption is key. The type-II ICL utilizes two key
design features; 1) photon generation via interband transitions
in type-Il quantum wells (QWs) that are formed between
InAs/GaSb heterostructures and 2) series connected cascade
stages that can enhance the total gain (per current density),
which were first implemented in the quantum cascade laser
(QCL)[8]. In contrast, QCL uses intraband transitions with a
very fast phonon scattering, resulting in large threshold current
densities required to achieve lasing. However, the interband
transitions in ICLs avoid this physical limitation present in the
QCL design, and thus ICLs can reach lasing with very low
threhold current densities (Ju) by comparison. Therefore, the
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ICL is ideal to target many desirable MIR applications such as
free-space communications, chemical sensing, green house gas
monitoring, thermal imaging, and industrial process control [9-
12].

To date, much of the development for ICLs has been carried
out on GaSb substrates, with efficient room temperature (RT)
operation demonstrated in the 3-6 um wavelength (A) range[5-
7]. However, the conventional GaSb-based ICL is poorly suited
for longer wavelength operation beyond 6 um, in part due to the
waveguide configuration that is used. In the traditional
waveguide for the GaSb-based ICLs, low n-doped GaSb
sepearate confinement layers (SCL) surround the cascade active
region. Thick InAs/AlSb superlattice (SL) layers are then
placed below the bottom SCL and above the top SCL to form
the optical cladding. The problem, however, is that at longer
wavelengths the optical wave spreads out, and in order to
properly confine the light to the gain section, the thickness of
the SL cladding must be increased. This presents a challenge
for the growth of such devices, which rely on molecular beam
epitaxy (MBE). The thicker SL cladding leads to an increased
number of shutter movements and also requires more careful
control of the relevant beam fluxes during the longer growth
time. Also, the InAs/AlSb SL is well known to have a relatively
low thermal conductivity (= 0.03 W/cmK)[13] that can result
in inefficient heat dissapation from the cascade active region,
the effect of which is even more impactful at longer
wavelengths due to the thicker SL cladding needed.

A clever way to solve this issue is to grow on InAs substrates
instead of GaSb substrates, where the low n-doped GaSb SCLs
are replaced with undoped InAs SCLs and the InAs/AlSb SLs
are replaced with heavily doped n*-InAs plasmon-enhanced
cladding layers[14-17]. These plasmon cladding layers provide
superior refractive index contrast with the cascade active
region, which can enhance the confinement of the optical wave
within the gain section. Furthermore, the plasmon cladding has
a larger thermal conductivty than the traditional SL, which can
help to more efficiently extract heat from the cascade active
region at longer wavelengths. This plasmon-enhanced
waveguide approach is not limited to the InAs-based ICLs,
however. GaSb-based ICLs can also take advantage of this
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design feature by using heavily n'-doped InAsSb lattice
matched to GaSb, as well as the traditional GaSb SCLs. The
main drawback for this design with GaSb-based ICLs is due to
the more complicated carrier transport and MBE growth[4,18-
20]. The plasmon-enhanced waveguide for InAs-based ICLs
has allowed several new milestones to be reached. For example,
pulsed lasing above room temperature near 7.1 pum[16] was
achieved. Additionally, the InAs-based ICL operation was
extended to 11.2 um, although with a relatively large threshold
current density (Ju) of 95 A/cm? at 80 K and with limited
temperature performance[21]. Later, hybrid cladding layers
were explored in an advanced waveguide structure and first
implemented for InAs-based ICLs operating at a shorter
wavelength of 4.6 um[22]. The advanced waveguide replaces
part of the n"-InAs plasmon cladding with a relatively thin
InAs/AlISb SL that is sandwiched between the InAs SCL and
n*-InAs plasmon cladding. This allows for enhanced optical
confinement with a simultaneous reduction in the leakage of the
optical wave into the high loss plasmon cladding, thus further
reducing losses due to free-carrier absorption with a
corresponding decrease in the Ju. The first implementation of
the advanced waveguide into long wavelength InAs-based ICLs
operating near 11 um resulted in a four fold reduction in the Jg
compared with previous ICLs at similar wavelengths[21, 23].
More recently, redesigned InAs-based ICLs with the advanced
waveguide showed an extra two fold reduction in the Jn
compared with the early work in Ref. 23, and with voltage
efficiencies at 80 K of about 53%][24].

In this work we report on the substantial development of long
wavelength InAs-based ICLs with advanced waveguides. The
results of two 20-stage ICLs with modified cascade active
regions based on the results in Ref. 24 are presented, where
further reductions in the Ju along with enhanced voltage
efficiencies and higher maximum operating temperatures are
observed. Furthermore, cw emission beyond 12 um was
demonstrated for the first time in these ICLs based on the
regular W-QW active region.

II. DESIGN, GROWTH, AND FABRICATION OF ICL. WAFERS

Two 20-stage InAs-based ICL wafers (EB7902L and
EB7910L) were grown with designs similar to that in Ref. 24,
but with some adjustments in the cascade region intended to
improve the performance for long wavelength operation. Both
of the new ICL wafers had slightly thicker GaSb hole injector
layers (~ 9.4% and 10.4% in the growth direction) so that the
hole levels will shift toward the valence band edge of GaSb and
widen the interband tunneling window [25] under a forward
bias voltage. As such, the carrier transport through interband
tunneling can be improved with a reduced threshold voltage.
Both ICLs have a regular W-QW active region which is
comprised of a layer sequence of
AlASo,gngoJ 1/InAS/GaInSb/InAS/AlAS()‘gngo, 11, with
thicknesses of 21/35/28/31/12 A in the growth direction. The
GalnSb composition in the hole well is Gag.esIno.35Sb for ICL
wafer EB7910L. For ICL wafer EB7902L, the composition of
the GalnSb hole well was changed to Gag7Ing3Sb in order to
reduce the overall strain accumulation in order to lower the

defect density. The increased Ga in the hole well leads to a
larger bandgap and a corresponding blue shift in the emission
wavelength compared to its counterpart reported here as well as
the previous ICLs from Ref. 24. A representative band edge
diagram of one cascade period for these ICLs based on a 2-band
k-p model[26-27] is shown in Figure la.
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Fig. 1. (a) Band edge diagram for one cascade period of EB7910L,
which is representative of the two devices discussed in this work. (b)
A schematic diagram of the overall ICL structure showing the various
waveguide segments and the cascade active region.

For the waveguide, both ICL wafers had undoped InAs SCLs
each with a thickness of 0.98 pm. The ICL wafers included 2.1
um thick (bottom) and 1.2 pm thick (top) n*-doped InAs
plasmon cladding layers with a doping level of 2.8 x 10'® cm™
and 1.73 pum (bottom and top) n-type InAs/AISb SL
intermediate cladding layers as shown in Figure 1b. As in the
previous design from Ref. 24, there are two segments with
different doping levels in each of the SL cladding layers in order
to further reduce losses due to free-carrier absorption. The
segment that is in closer proximity to the cascade region is
designed to have a larger refractive index (real part) than the
second segment that is closer to the plasmon cladding (as shown
in Fig. 8). This is achieved by using a doping level that is a
factor of two lower compared to the second segment where
InAs layers were doped with Si at 2.3 x 10'7 cm™. This design
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choice is to shrink the optical wave penetration into the plasmon
cladding, which can further reduce losses due to free-carrier
absorption and consequently decrease the required threshold
gain to achieve lasing.

The ICL wafers reported in this work were grown by solid-
source MBE. The growth temperature used for the strucutres
was nominally 440 °C, with growth rates of approximately 0.49
um/hr for the Sb-containing SL structures (GaSb, GalnSb,
AlAsSb) and 1.0 um/hr for InAs. During the InAs/AlSb SL
cladding growth, the As source valve was left open during the
AISb layer growth. Since the As shutter does not fully block the
As flux, residual As in the chamber was incorporated into the
AlSD layers on the order of about 10%-11%. This feature was
accounted for in the design in order to achieve proper lattice
matching conditions during the growth calibration. During
critical portions of the cascade active region growth, however,
the As source valve was closed to avoid any potential
incorporation which could affect the lasing characteristics of
the devices.

IoZI....ln...l.n..
] ——EB7902L
10 ——EB7910L
Simulation

S <2 S B
O A R

<
&

l
"’W ‘ ml

l l

Normalized X-ray Counts (counts per second)
=

1 0“’

M » WMWIL,

34

»—20 (deg)
Fig. 2. Measured XRD patterns for EB7902L (Blue) and EB7910L
(Green) compared to the simulated pattern (Red). The inset shows the
DIC imaging of the surface of EB7902L at 20x magnification where a
low density of defects is observed.

X-ray diffraction (XRD) was conducted using a Panalytical
X’Pert3 XRD system to asscess the material quality and
differential interference contrast (DIC) microscopy was used to
characterize the surface morphology of the grown ICL wafers.
The XRD scans were taken normal to the (004) axis (symmetric
w-20 scans) where the resulting XRD patterns of the grown ICL
wafers show reasonable agreement with the simulated patterns,
as detailed in Figure 2. The strain in the InAs/AlISb SLs of both
ICL wafers show as slightly tensile, corresponding to a lattice
mismatch of 0.17%-0.28% in the two ICL wafers. Compared to
the intended design, the thickness of the InAs/AlSb SL between
each of the ICL wafers varied from 0.8% thinner to 1.6%
thicker. In both of the ICL wafers, the cascade active region was
about 1.5%-1.7% thicker, compared with the design. From DIC
surface images (inset in Figure 2) of the two wafers, typical oval
hillock defects were observed with each of the ICL wafers

having average surface defect densities of 5.7 x 103 cm™ and
1.5 x 10* cm? for EB7902L and EB7910L, respectively.
Besides the standard variation in MBE grown structures, the
lower defect density observed for EB7902L could be attributed
to the change in the GalnSb hole well composition based on the
perspective of reduced overall strain accumulation across the
entire structure. The two recently grown ICL wafers exhibited
an average defect density that is lower than the previously
reported ICLs in Ref. 24 by about a factor of two, indicating
good control of the MBE growth parameters.

The grown wafers were fabricated into 100-um-wide (e.g.,
EB7902LBA1-1A and EB910LBA1-1A) and 150-pm-wide
(e.g., EB7902LBA1-1D and EB7910LBA1-1D) broad area
(BA) mesas for quick measurement turnaround using wet
chemical etching and standard UV contact photolithography.
The wafers were cleaved into approximately 1.5-mm-long
(cavity length Leavity) laser bars without substrate thinning and
facet coating, which were mounted on copper heat sinks with
epi-side up for testing.

III. DEVICE PERFORMANCE RESULTS AND DISCUSSION

Emission spectra of the fabricated ICLs were obtained to
using a Nicolet 8700 Fourier transform infrared spectrometer
(FTIR). A PM3 Coherent PowerMax thermopile power meter
was used to collect the cw output power of ICLs, in which the
beam divergence loss was not included. Hence, the reported
output power and EQE of the devices presented later are
conservative. As shown in Figure. 3, multiple devices from both
ICL wafers were able to operate in cw and pulsed modes.
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Fig. 3. Threshold current density (Ju) and threshold voltage (Vi) as a
function of temperature for devices from the two wafers.

A. EB7902L Performance Results

In cw mode, three devices (EB7902LBAI1-1A,
(EB7902LBA1-1B and EB7902LBA1-1D) from the first ICL
wafer, which had the modified and less strained GalnSb hole
well composition in the W-QW active region, lased with quite
similar characteristics as shown in Figure 3. They operated at
80 K with Jy, values as low as 8.8 A/cm?, which is reduced by
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about 27% compared to the previous ICLs with a slightly longer
wavelength (10.2 um) from Ref. 24. This low threshold current
density indicates a good material quality with weak Shockley-
Read-Hall (SRH) recombination that is consistent with the
lower defect density observed in this wafer. At 80 K, the
emission wavelength was about 9.82 um, 0.4 pum shorter
compared to that of previous ICLs with similar designs (10.2
um at 80 K) [24], which is mainly attributed to the GalnSb hole
well composition change mentioned above. These devices also
showed a reduced Vg, as shown in Figure 3 (e.g., 3.62 V at 80
K) compared to the previous ICLs (~4.6 V at 80 K), with their
voltage efficiencies peaking at about 73% at 120 K and with a
lasing wavelength near 10.3 pum (up from ~ 53% [24]). The
voltage efficiency is calculated as 7, = (Nchc)/(AeVn) where N,
is the number of cascade stages, / is Planck constant, c is speed
of light, e is the electron charge, and A and Vy, are the measured
emission wavelength and threshold voltage at a given operating
temperature. This result is close to that ~ 80% observed in early
InAs-based ICLs at shorter wavelengths [4], indicating that the
carrier transport has been improved in these new ICLs,
attributed to the changes in the GaSb hole injector layers. This
high voltage efficiency is of more significance considering that
the photon energy is small at such a long wavelength.
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Fig. 4. The CW IVL characteristics for a 100-um-wide ICL from 80

K to 140 K along with the corresponding EQE values and with an inset

showing the cw spectra at its maximum operating temperature.

A representative 100-um-wide device from the first ICL
wafer (EB7902LBA1-1A) went on to operate up to 144.3 K in
cw mode, about 20 K higher than the previous ICL in Ref. 21,
where it had an emission wavelength of 10.81 um (inset, Figure
4) and a Jn = 154 A/cm?. Another 100-um-wide device
EB7902LBA1-1B exhibited a maximum cw output power of
about 85 mW/facet at 600 mA and 80 K and with an extracted
external quantum efficiency (EQE) of 496%, dropping to 161%
at 140 K, as shown in the current-voltage-light (IVL)
characteristics in Figure 4. The maximum cw output power
observed for this device was about 52% larger than the
previously reported ICL [24]. Meanwhile, a 150-um-wide
device (EB7902LBA1-1D) operated up in cw mode to 136.5 K
and at a slightly shorter wavelength (10.7 um) and lower Ji, of

109.4 A/cm? due to more heating with the larger size device and
more current injection. At 80 K, this 150-um-wide device
delivered an even higher cw output power of 109 mW/facet at
700 mA with a similar EQE to the 100-um-wide device.
Compared to previous ICLs at similar wavelengths, the much
higher obtainable output power for these new ICLs was a direct
consequence of the reduced heat generation with a high voltage

efficiency.
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Fig. 5. The pulsed lasing spectra along with the injection current,
operating voltage, and lasing wavelength at each temperature step.

In pulsed mode, the 80 K Ju was slightly smaller, with
measured values of 8 A/cm? and 7.6 A/cm? for the 100- and
150-pm-wide devices, respectively. Devices A and D were able
to operate up to 187 K, and with emission at 11.1 pm along with
threshold current densities of 464 A/cm? and 412.4 A/cm?,
respectively. A representative temperature dependent emission
spectrum for EB7902LBA1-1A is shown in Figure 5. When the
heat sink temperature was raised from 180 to 187 K, the lasing
wavelength was slightly blue-shifted, indicating the first
observation of the band filling effect [28] in these LW InAs-
based ICLs with the regular W-QW active region. This blue
shift also suggests that the operating temperature T was
approaching the maximum limit, during which, the threshold
current density Ji and voltage Vi increased rapidly as shown in
Figure 3. In the temperature range of 80 K to 140 K, away from
its maximum operating limit, the Jy, approximately followed an
exponential function of T with a characteristic temperature Ty
of ~30 K, which is typical for LW ICLs [24]. The extracted
EQE under pulsed operation reached a similar value compared
with cw operation, then slowly dropped to 250% at 160 K
before decreasing more rapidly to 85% at 180 K, where the
voltage efficiency observed in these devices was still relatively
high (~ 56-57%). Similar to previously reported InAs-based
ICLs [23-24], the maximum allowable Ji, was significantly
lower at the maximum operating temperature compared to their
short wavelength counterparts [4,22]. Curiously, this feature is
absent in LW InAs-based ICLs which utilize InAso sPo s barriers
in the QW active region [23-24,29], which may imply a
possible fundamental difference between these two QW
configurations that needs to be further explored in the future.
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B.  EB7910L Performance Results

Devices from the second ICL wafer (EB7910LBA1-1A and
EB7910LBA1-1D), which had the more strained Gag5Ino 3sSb
hole well composition in the W-QW active region, lased at 80
K with wavelengths of 11.4 pm and 11.3 pm, Jy, of 24.9 A/cm?
and 26.8 A/cm?, and Vy, of 3.95 V and 3.96 V, respectively.
This result is comparable to the Ju of the previously reported
ICLs [24] operating at slightly shorter wavelengths (~10.9 um
at 80 K), but with reduced Vi (3.95 V vs 4.9 V at 80 K).
Considering the similar Jy, results and the longer operating
wavelengths observed in these new ICLs, this further indicates
a reduced SRH recombination, consistent with the improved
material quality. Its threshold voltage initially decreased with
increasing temperature as the bandgap and device electrical
resistance decreased with T, and then increased when T
approached to the maximum operating temperature as shown in
Fig. 3. The voltage efficiency in cw mode peaked at about
57.2% and 55.2% for these devices, which is about 10% larger
than the somewhat comparable ICLs from Ref. 24, again
validating the improved carrier transport with the modified
design even at this longer wavelength. EB7910LBA1-1A and
EB7910LBA1-1D reached maximum cw output powers of
about 20 mW/facet and 28 mW/facet, respectively, the latter of
which is the largest that an interband laser has achieved at such
a long wavelength. As shown in Figure 6, EB7910LBA1-1D
had an extracted EQE at 80 K of 258%, which then dropped
fairly quickly to 78% at 105 K, approaching the maximum cw
operation temperature limit of 106 K with a lasing wavelength
at 12.02 um shown in inset of Fig. 6. However, even at this long
wavelength of 12 pm, the device was able to deliver a cw output
power of 3 mW/facet at 105 K with an injection current of ~300
mA and at an operating voltage of ~4V, which is good enough
for sensing in a low temperature environment.
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Fig. 6. The CW IVL characteristics for EB7910LBD1-1A from 80 K
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showing the cw spectra at its maximum operating temperature.

0 50 100 150

Besides the GaSb hole injector layer thicknesses, devices
from this ICL wafer have an identical design to that of a
previous ICL in Ref. 21 (EB7541), however their 80 K emission

wavelengths are red-shifted by more than 1 um. This is also
longer than the second ICL wafer (EB7547) reported in Ref. 21
with the standard W-QW active region, which had slightly
thicker InAs layers of 36.5 A and 31.5 A, suggesting that there
may be some variations in the QW layer thicknesses between
the two growth runs. Nevertheless, the modifications for the
GaSb hole injector layer thicknesses and the improved material
quality allowed devices from this recent ICL wafer to lase at 80
K with longer emission wavelengths and reduced V. Both
devices (100-pum and 150-um wide) went on to operate in cw
mode up to 110.3 K and 106 K with wavelengths beyond 12
um, representing a new milestone for ICLs with the regular W-
QW active region.

In pulsed mode both devices operated up to 137 K with
emission approaching 12.2 um, which is the longest wavelength
achieved for an interband laser with the regular W-QW active
region. At their maximum operating temperature, the Ju was
240 A/cm? and 257.8 A/cm? with Vi, of 4.48 V and 4.75 V,
respectively, as shown in Figure 7 for EB7910LBA1-1A. At
137 K, the voltage efficiency had dropped to about 43-45% due
to the increased threshold current density and longer
wavelength. Similar to the first ICL wafer, devices from the
second ICL wafer consistently showed a low maximum
allowable threshold current density (the Ju at the highest
operating temperature at which the device lased), which is more
than 5% lower than the InAsosPos ICLs with similar
wavelengths. This behavior appeared to be more significant at
longer wavelengths as shown in Fig. 3. Consequently, this
severely limited the maximum operating temperature of these
ICLs that are based on the regular W-QW active region as well
as the longest wavelength that they could reach. What caused
such behavior shall be a subject of future research.
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Fig. 7. The pulsed emission spectra for EB7910LBA1-1A along with
the operating current, voltage, and emission wavelength at each
temperature step.

C. Simulation and Further Discussion

Though the two ICL wafers are structurally similar, differing
in design mainly by the composition of the GalnSb hole well in
the W-QW active region, the likely variations in the second ICL
wafer (EB7910L) led to a longer emission wavelength and
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consequently caused a larger free-carrier absorption loss as
estimated from the waveguide simulation in Figure 8, which
shows the simulated optical wave profile and refractive index
for EB7902L (blue) and EB7910L (red). Shown in the figure
are the calculated free-carrier loss (ai), optical confinement
factor (I'), and the effective refractive index of the waveguide
(nerr) for the two ICL wafers using their measured 80 K
emission wavelengths. Based on the waveguide simulations, the
addition of the segmented doping in the SL intermediate
cladding results in a decrease in the free-carrier loss from o; =
4.7 cm! t0 4.0 cm” and a; = 7 cm™! to 5.8 cm™! for EB7902L
and EB7910L, respectively. The corresponding reductions in
the predicted threshold gains (without including other possible
losses such as absorption due to intersubband transitions in the
valence band) because of this are gs = 51.02 cm™! to 48.41 cm-
"and gq = 63.01 cm™! to 58.85 cm™! for 1.5-mm-long devices.
This segmented doping in the SL intermediate cladding has a
larger impact on devices from EB7910L, because devices from
it lase at longer wavelengths compared with devices from
EB7902L and hence more of the optical wave penetrates into
the plasmon cladding causing it to be more susceptible to free-
carrier absorption loss. Furthermore, the free-carrier loss tends
to be higher in devices from this ICL wafer because the lasing
wavelength is closer to the plasma wavelength (A;), which is
estimated to be about 14.52 pm from a 3-band model at 80 K.
Consequently, the measured Ji in both cw and pulsed mode
were larger, with the peak voltage efficiency, cw output power,
extracted EQE, and overall temperature coverage somewhat
lower for devices from this wafer than for those from EB7902L
as reflected in Figures 3-7.
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_ . 13.0
=1
£
S 03F ‘ 125
) n'-InAs n'-InAs %
= =}
S =
A~ o
— 420 2
.g 0.2 F EB7902L 80 K EB7910L 80 K 5
S T ~24.98% I ~23.94% &
= A=9.83 um A=1140pm 15 &
-2 a,=3.9 em’! o =58cm’
g i
o0l n.=3.358 n.=3.322
11.0
00 05
0 1 2 3 4 5 6 7 8 9

Position Z (um)
Fig. 8. The calculated optical modal profile and refractive index for
(blue) EB7902L and (red) EB7910L, which were generated based on
their 80 K emission wavelengths.

V. CONCLUSION

By modifying the hole injector, LW InAs-based ICLs have
been demonstrated with reduced threshold voltages,
corresponding to notably increased voltage efficiencies (e.g.,
73%) compared to previous ICLs at similar wavelengths. This

high voltage efficiency is of particular significance considering
the low photon energy (0.12 eV) at this long wavelength (~10.3
um). Consequently, a high cw output power (>100 mW/facet)
was obtained with reduced power consumption. Also, by
reducing the local strain with the Gag70lng3Sb hole well to
minimize the SRH recombination, a threshold current density
below 8 A/cm? was achieved at 80 K. Furthermore, the lasing
wavelength of ICLs based on regular W-QW active regions has
been extended beyond 12 um in both cw and pulsed modes, far
exceeding the traditional boundary for III-V interband lasers.
However, on the other hand, the maximum allowable threshold
current density is drastically lower with the increase of lasing
wavelength compared to shorter wavelength ICLs and those
utilizing InAsP barriers in the W-QW active region. This
limited the maximum achievable operating temperature and the
longest wavelength that the ICLs could reach. This behavior
could be related to the reduced gain in type-II W-QWs at long
wavelengths and/or increased absorption loss due to intraband
transitions in the valence band. As such, the slow increase of
the optical gain with more injection of current at higher
temperatures or longer wavelengths would be outpaced by a
possibly fast increase of the optical loss, making it impossible
to lase. The former issue can be alleviated by using the recently
proposed QW active region that includes InAsP barrier layers
as demonstrated by us [23-24, 29]. The latter may be mitigated
by quantum-engineering the valence band QW in the active
region as validated recently for ICLs near 5 and 6 pm [6-7].
Hence, by combining both approaches with other possible
innovations, ICLs are expected to have substantially improved
performance in a wide wavelength region particularly at
wavelengths beyond 8 um where ICLs have not yet achieved
operation at room temperature.
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