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Abstract

Interband cascade lasers (ICLs) based on the type-II quantum well (QW) active region have

attracted much attention for a range of practical applications in the mid-infrared (MIR) due, in
part, to their low power consumption. However, extending the operating wavelength of these
ICLs into the long-wave infrared (LWIR) region presents several challenges including the
reduced thermal conductivity of the optical cladding layers and the diminished wavefunction

overlap in the type-II QW. One solution to alleviate the former concern is to use InAs-based
ICLs. To solve the latter problem, InAsg sPo s barriers are introduced in the active region,
which lowers the electronic energy level and allows for the InAs well width to be reduced at
longer emission wavelengths. Here the advancement of long wavelength ICLs, made from
four new InAs-based ICL wafers grown by molecular beam epitaxy (MBE), is reported.
These ICLs lased in the wavelength range from 10 to 13 um and showed significantly
improved performance compared with previous ICLs, including the first demonstration of
broad-area devices operating in continuous wave (cw) mode beyond 12 pm. These ICLs
exhibited substantially increased output powers with reduced threshold voltages (Vi) and
current densities (Ji). They operated at temperatures up to 40 K higher than previous ICLs at

similar wavelengths.
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1. Introduction

Interband cascade lasers (ICLs) have become a staple
source for efficient emission in the mid-infrared (MIR)
region, due in large part to their low power consumption.
The operation of the type-Il ICL relies on interband
transitions in type-II quantum wells (QWs) as well as a
cascade configuration, which enhances the total gain (per
current density) [1-5]. Because of its design, the ICL is

XXXX-XXXX/ XX/ XXXXXX

immune from phonon scattering unlike its counterpart, the
quantum cascade laser (QCL), and can therefore reach lasing
with very low threhold current densities (Ji). These features
are ideal for many technological applications including
gas/chemical sensing, imaging, and industrial process control,
as well as within the 3-5 pm and 8-12 pm atmospheric
transmission windows for free-space optical communication
[6-9].

© xxxx IOP Publishing Ltd



Journal XX (XXXX) XXXXXX

Massengale et al

ICLs on GaSb substrates have been well developed for
operating in the 3-6 um wavelength (A) range, with devices
exhibiting efficient room temperature operation [5]. However,
extending this type of ICL to longer wavelengths is
challenging for two main reasons. First, the InAs/AlSb
superlattice (SL) required for the optical cladding needs to be
thicker in order to accommodate the longer optical wave
decay length. This increases the complexity of the molecular
beam epitaxy growth (MBE) due to the increased number of
shutter movements and growth time. Additionally, the
InAs/AlSb SL has a low thermal conductivity, which results
in increased heating for the thicker cladding. Second, the
InAs QWs in the active region need to be wider, which leads
to a reduced electron-hole wavefunction overlap as the
electrons and holes are localized mainly in spatially distinct
layers. This can cause the optical gain generated from the
type-1I interband transition to be insufficient to overcome the
increased loss at longer wavelengths, rendering lasing
unreachable.

One method to rectify this situation is to switch from a
GaSb substrate to an InAs substrate. For the InAs-based
ICL[4], the thickness of the InAs/AlSb SL can be greatly
reduced with a waveguide that features undoped InAs
separate confinement layers (SCLs) and heavily doped n'-
InAs plasmon cladding layers [10-13]. It should be pointed
out that this plasmon-enhanced waveguide may also be
achieved on GaSb substrates by using heavily doped n'-
InAsSb latticed matched to GaSb and GaSb SCLs, but at the
cost of more complicated carrier transport and MBE growth
[4,14-15]. This approach in InAs-based ICLs allowed for
pulsed lasing above room temperature near 7.1 um [16] and
extended the lasing operation to 11.1 pm, though with a
relatively large threshold current density (Ju) at 80 K of 95
A/cm? [17]. More recently the advanced waveguide structure,
originally developed for InAs ICLs emitting near 4.6 um [18]
and which places a relatively thin InAs/AISb SL sandwiched
between the InAs SCL and n*-InAs plasmon cladding, was
incorporated into InAs-based ICLs designed to emit near 11
pm and resulted in a four fold reduction in the J;, compared
with previous ICLs at similar wavelengths [19].

To alleviate the reduced wavefunction overlap in the QW
active region for devices operating at longer wavelengths,
InAsosPos barriers were introduced [19]. This phosphorus
containing alloy has a lower valence band edge than that of
the commonly used AISb barrier and serves to lower the
electronic state in the InAs QW, resulting in a reduced
interband transition energy for photons at longer wavelengths
[20]. Recently an InAs-based ICL which incorporated this
feature was shown to exhibit pulsed lasing emission beyond
13 pm, which is the longest emission wavelength among all
III-V interband lasers [19]. However, the extracted external
quantum efficiency (EQE) of this device was quite low at 80
K (~ 41%), which was inferred to be due to high optical

internal losses related to free carrier absorption and
intersubband transitions in the valence band QWs.

In this work, we report the study of four 20-stage InAs-
based ICLs with refinements to the waveguide and cascade
region design based on the results in Ref. 19, with the goal of
enhanced long wavelength operation in the 10-13 pm range.

2. Structure Design of InAs-based ICLs

For a comparative study, four ICL wafers (EB7541,
EB7547, EB7523 and EB7539) were grown by MBE on
InAs substrates, all of which incorporated the advanced
waveguide, and two of which (EB7523 and EB7539)
included the InAgsPos barriers in the QW active region. For
EB7541 (EB7547), a regular W-QW structure [21-23] was
used, consisting of a layer  sequence of
AlASolggsbo,l 1/InAS/Ga0,651no‘35Sb/InAS/AlASo‘ggsbm 1, With
thicknesses of 22/35(36.5)/28/31(31.5)/12 A. For EB7523
(EB7539), the active region had a layer sequence of
AlASO.89Sb0,1 1/IHA0,5P0,5/IHAS/G30,65In0,35Sb/InAS/InA0,5P0,5,
with thicknesses of 19/16/25(26)/28/20/16 A in the growth
direction. Here the InAs layer thicknesses in the latter wafers
were reduced by about 30% in the first InAs QW and about
35% in the second InAs QW compared to the devices which
did not include InAosPos barriers. Based on a 2-band k-p
model [24-25], the estimated wavefunction overlaps for
EB7541 and EB7547 were 16.7% and 15.6%, respectively.
The inclusion of the InAosPos barriers in the QW active
region in EB7523 and EB7539 increased the estimated
overlap to 19% and 18.2%, respectively. The band edge
diagrams of one cascade stage for each of the two
representative device structures (EB7541 and EB7523) are
shown in figures 1 and 2.
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Figure 1. Band edge diagram for one cascade period of
EB7541/EB7547, which do not include InAosPos barriers in the
QW active region.
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Figure 2. Band edge diagram for one cascade period of
EB7523/EB7539, which include InAo.5Po.5s barriers in the QW active
region.

In the previous work [19], there were some uncertainties
in the expected operating wavelength for InAs-based ICLs
that incorporated the advanced waveguide and those that
utilized the modified QW active region, which chiefly
manifested in high internal absorption losses, leading to
relatively large Ju’s, low EQEs, low output powers, and
limited temperature performance. Therefore, several
adjustments to the waveguide were made to reduce the
internal loss and to better confine the optical wave within the
QW active region. Since the expected emission for these
ICLs was to be beyond 11 pm at higher operating
temperatures, the waveguide layer thicknesses were slightly
increased. Compared to the previous design [19], the
thicknesses of the individual components were increased by
about 18%, 5%, and 7% for the InAs SCL, InAs/AlSb SL
intermediate cladding, and the n*-InAs plasmon cladding
layers, respectively. To further reduce losses due to free
carrier absorption in the n*-InAs plasmon cladding, the
doping concentration there was reduced by about 13%. Also,
the doping in the injection region was reduced by about 31%.
The calculated optical modal profile and refractive index
based on a slab waveguide model for a representative device
(EB7541) are shown in figure 3. In each of the SL
intermediate cladding layers, to reduce the free-carrier
absorption loss, there are two segments with different doping
levels. The segment that is closer to the cascade region has
lower doping resulting in a slightly higher real part of its
refractive index. Depicted in figure 3 are the waveguide loss
(0lwg), estimated threshold gain (Gw), the effective refractive
index of the entire waveguide (nefr), and the optical
confinement factor (I'). In the simulation, the internal loss
(waveguide loss) is calculated based only on free carrier
absorption, which gives a lower bound estimate to the overall
internal loss within the device. The emission wavelength A of

each device was measured at 80 K in pulsed mode operation,
which prevented potential redshifts that could be caused by
local heating, and used in the waveguide simulations. The
various optical parameters based on the waveguide
simulations of the other devices reported here are listed in
table 1.
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Figure 3. Calculated optical modal profile and refractive index of
the waveguide for EB7541 at 80 K with an emission wavelength A
measured from the pulsed spectra of 10.2 pm.
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thickness " °
A&
EB7541 No-35/31 10.2 23.65 6.2 68.49 3.341
EB7547 No-36.5/31.5 10.9 23.33 7.3 74.15 3.324
EB7523 Yes-25/20 11.8 22.61 8.7 82.69 3.300
EB7539 Yes-26/20 12.1 22.39 9.3 86.19 3.292

Table 1. Calculated optical parameters of the four 20-stage InAs-
based ICLs studied, with the 80 K emission wavelength A measured
from the pulsed spectra.

3. Growth Characterization of InAs-based ICLs

The ICL wafers were grown by molecular beam epitaxy
using solid sources except for P, which was supplied by a
cracking phosphine injector. All layers were grown at 440 °C.
Growth rates were approximately 1.0 um/hr for InAs and
InAsP and 0.49 pm/hr for AlAsSb, GalnSb, and GaSb. The
cladding layers were nominally InAs/AlISb superlattices, but
since the As source valve was left open during the cladding
AlSb layer growth and the As source shutter does not fully
block the As flux, layers nominally grown as AISb contained
substantial As, which was accounted for in separate lattice
matching calibration growths. The As source valve was
closed during critical portions of the active region growth.

The material quality was analyzed using x-ray diffraction
(XRD), and the surface morphology was characterized by
differential interference contrast (DIC) microscopy. The
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XRD spectra were measured using a Panalytical X’Pert3
MRD. Symmetric scans along the (004) axis were obtained
and show reasonable agreement with the simulated spectra,
as detailed in figure 4. From the XRD spectra, the InAs/AlSb
SLs of all four ICL wafers show a slight compressive strain
in the growth direction (biaxial tensile strain), with a
substrate/SL zero-order peak separation ranging between 14-
50 arcsec, corresponding to a lattice mismatch of 0.12-0.17%.
The InAs/AISb SL thickness across each of the four ICL
wafers range from 0.12% thinner to 0.5% thicker, compared
to the intended design. The cascade region was consistently
thinner among all four wafers, ranging from 0.5%-1.3%,
compared with the design.
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was not included. Hence, the reported output power and EQE
of the devices are conservative. Multiple devices from each
of the four ICL wafers operated in both cw and pulsed modes,
as shown in figure 5. All characteristics presented in this
work are from representative devices among the many tested.
Of the four ICL wafers grown, EB7541 and EB7547 are
most directly related for comparison purposes as they include
only the advanced waveguide. EB7523 and EB7539 include
both the advanced waveguide as well as the modified QW
active region. ICLs made from them have significantly
longer emission wavelengths than those of EB7541 and
EB7547, and consequently their threshold current densities
are larger as reflected in Fig. 5. Detailed characteristics of
their device performance will be presented in the following
two subsections and further discussion will be given in
section 4.
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Figure 4. Measured XRD spectrum (blue, top) compared to the
simulated spectrum (red, bottom) for ICL wafer EB7541.

From surface images on the four wafers, typical oval
hillock defects were observed - common to III-V ICL growth,
but with little background surface roughness. The surface
defect density was measured at four different locations on
each of the wafers grown. The average defect density across
all wafers ranged from 1.2-9.2x10* cm™, which are within
acceptable limits for reasonable device performance.

The grown wafers were fabricated into 100-pm-wide (e.g.
EB7523BA3-2F, EB7539BA2-2D, EB7541BA3-3H, and
EB7547BA3-2A) and 150-um-wide (e.g., EB7541BA3-1G,
EB7547BA3-3C, EB7539BA2-2A) broad area (BA) mesas
using standard UV contact photolithography and wet
chemical etching. The wafers were left unthinned and
cleaved into approximately 1.5-mm-long laser bars without
facet coating, which were mounted epi-side up on copper
heat sinks for testing.

4. ICL Device Testing

The fabricated devices were tested using a Nicolet Fourier
transform infrared spectrometer (FTIR), with cw power
measurements carried out with a PM3 Coherent PowerMax
thermopile power meter, in which the beam divergence loss
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Figure 5. Threshold current density (Jm) as a function of

temperature for several devices made from the four InAs ICL

wafers.

4.1 EB7541 and EB7547

Wafers EB7541 and EB7547 both included the advanced
waveguide but did not include InAgsPo s barriers in the QW
active region. In cw mode, two devices from EB7541 had
threshold current densities as low as 12 A/cm? at 80 K,
representing about a 50% reduction compared to previous
ICLs operating at similar wavelengths [19]. These ICLs lased
at 10.2 pm at 80 K and then red-shifted to longer
wavelengths at high temperatures. The characteristics of a
representative device, EB7541BA3-3H, are shown in Fig. 6.
This device operated in cw mode up to 123 K, about 17 K
higher than a previous ICL, with an emission wavelength of
10.9 um and a Jy of about 101 A/cm?. This device exhibited
a significant increase in the measured cw output power at 80
K, just over 56 mW/facet, about four times as much as a
previous ICL [19], as shown in figure 6(a). The cw output
power of 43 mW/facet at 200 mA is more than twice that (15
mW/facet) from an early ICL at the shorter lasing
wavelength of 9.1 pm at 80 K and at the same curent [26].
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Compared to previous devices (Vin ~ 9.2 V at 80 K) reported
in Ref. 19, the cw threshold voltage was reduced by a factor
of 2 (Vi ~ 4.6 V at 80 K), resulting in a voltage efficiency of
about 53%. However, this is still substantially less than the
voltage efficiency of ~80% observed in early ICLs, which
had smooth carrier transport [4, 17, 26], suggesting room for
further improvement. The extracted EQE under cw operation
reached ~ 592% at 80 K, indicating the cascaded emission of
photons in the ICL, and dropped to ~ 78% at 123 K as shown
in figure 6(a). Under pulsed operation, this device lased up to
155 K near 11.2 um (Fig. 7) with a Ji, of 196 A/cm?, where
the voltage efficiency dropped to 49% with a Vi, of 4.52 V.
The extracted EQE under pulsed operation reached ~ 640%
at 80 K, subsequently dropping to 137% at 150 K, as shown
in figure 7. The difference in the EQE at 80 K between cw
and pulsed modes is attributed to heating in the active region
of the device. The heating effect increased with the higher
threshold current when the heat-sink temperature was raised,
which was reflected by the greater decrease of the EQE in cw
operation compared to that in pulsed operation, as shown in
Fig. 6 and Fig. 7.
Current / (mA)
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Figure 6. CW results for the -current-voltage-power (IVL)
characteristics (a) for EB7541BA3-3H along with the cw emission
spectrum (b) between 80 K and 123 K.

Compared to ICLs from EB7541, devices from wafer
EB7547 lased at longer wavelengths as expected due to the
slightly wider InAs QWs, and they had higher Ju and
somewhat degraded temperature performance as shown in
Fig. 5. In cw mode, a representative device, EB7547BA3-
2A, lased at 10.9 um at 80 K, with a Ji of 26.7 A/cm? and a
Vi of 49 V. This ICL delivered output power of 32
mW/facet as shown in Fig. 8, higher than any interband laser
has achieved at such a long wavelength. EB7547BA3-2A
lased up to 102 K in cw mode at 11.3 um with an EQE of
189% (Fig. 8), still exceeding the conventional limit of unity
and indicating the potential for higher temperature operation.
This device lased up to 137 K in pulsed mode at a Ji, of 325
A/cm? and with a lasing wavelength of 11.5 um as shown in
Fig. 9, which is the longest among ICLs with the regular W-
QWs. The extracted EQE in pulsed mode at 80 K for this
device was 552%, which is comparable to that of
EB7541BA3-3H.

T
- EB7541BA3-3H

6 120
100 pum x1.5 mm —_—
- 1 =
sk T - 8
— — - @
P T e T 155K pulsed 115 §
/ _— 294 mA ;
4H/ _— 218 mA - 1 ps, 5 kHz
; ,// EQE =606% 432V 452V g
=~ g 100k P Al =
o 7 K 8
o 3y pool k; 1o 1L 112 113 110 &=
-— o - . Wavelength A (um) Q
g B , by
> s 80K . | ’ =]
EQE = 640%;’ ; EQE =412% B
pallie; ,
5 i I 120K EQE = 274% 13 8
1 g i 140K =
k: ) EQE = 137% _ S
& 3 150K - Ay
0 T T T T T T 0
0 50 100 150 200 250 300

Current I (mA)

Figure 7. Pulsed current-voltage-power (IVL) characteristics for
EB7541BA3-3H with the lasing spectrum (inset) at 150 and 155 K.

EB7547BA3-2A
100 pm x1.5 mm

30

L
%)
iy

/

10.8 109 11.0 11.1 11.2 11.3 11.4,

Voltage (V)

‘Wavelength A (pm)

o

WK 100 K
EQE=385% EQE = 226%

15
102K
TN v

it e 0
80 100 120 140 160 180 200 220 240 260 280 300
Current 7 (mA)

5

80K
1k EQE = 471%

Qutput power (mW/Facet)

0 20 40 60



Journal XX (XXXX) XXXXXX

Massengale et al

Figure 8. Current-voltage-power (IVL) characteristics for
EB7547BA3-2A in cw mode. The inset shows the cw lasing
spectrum between 80 K and 102 K.
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Figure 9. Pulsed current-voltage-power (IVL) characteristics for
EB7547BA3-2A with the lasing spectrum (inset) at 120 and 137 K.

Considering both wafers had the same waveguide, doping
concentrations, and nearly identical active region designs, the
small difference in the InAs QW width only resulted in an
approximately 6.9% shift of lasing wavelength at 80 K.
Hence, similar band structure, differential gain and
transparency current density would be expected for both.
Consequently, they should have comparable threshold
current density. This is also due to the fact that the free-
carrier absorption loss difference between them is less than
20% based on the simulation shown in Table 1, which is
supported by the comparable EQEs observed for them at 80
K, as shown in Figs. 7 and 9. However, the Ju at 80 K in
devices from EB7547 are about twice that compared to
devices from EB7541, very different from the above
perspectives and the observed insensitivity of the Ju at low
temperatures (e.g., 80K) on the lasing wavelength for early
ICLs [2,13]. This suggests that extra factors beyond free
carrier loss played a role in determining the Ju for devices
from EB7547, which will be a subject of our future research.
In addition to the higher Ju, another issue in EB7547BA3-2A
is that the EQE decreased relatively fast with the increase of
temperature as shown in Fig. 9. Nevertheless, despite the
higher J, its maximum operating temperature was only 18 K
lower in pulsed mode than that of EB7541BA3-3H, since it
could lase with a higher Ji than EB7541BA3-3H (325 A/cm?
vs 196 A/cm?). Compared to the previous ICL in Ref. 19,
though improvements have been made, the maximum
allowable Ju in devices from both wafers is still relatively
small in contrast to other ICLs. This limited their maximum
operating temperature in cw and pulsed modes

4.2 EB7523 and EB7539

Wafers EB7523 and EB7539 both included the advanced
waveguide as well as the InAg 5Py s barriers in the QW active
region. Multiple devices from both wafers lased in both cw

and pulsed modes. A representative device EB7523BA3-2F
lased in cw mode up to 90 K, with an emission wavelength
of 12.2 pm and a Ji, ~ 138 A/cm? as shown in Fig. 10. This is
a significant milestone as it is the first demonstration of a BA
ICL operating in cw mode, beyond 12 um. Furthermore, the
maximum obtainable output power at 80 K was 12 mW/facet
(Fig. 10), which is comparable to and even higher than that
of the previous ICLs (without InA¢sPos barriers) at shorter
wavelengths (10.8 and 10.2 pm) [17, 19]. At 80 K the Vi,
was about 6.8 V, corresponding to a voltage efficiency of
about 31%. This low voltage efficiency indicates that there
are likely issues in the carrier transport for ICLs containing
InAgsPos barriers. The extracted EQE at 80 K in ¢cw mode
reached 214%, as shown in figure 10 and validated the
cascade process in ICLs with InAsP barriers for the first time.
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cw

110mA | 136 mA 110

Voltage (V)
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L
(¥
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EQE = 214%

t t t t t 0
0 50 100 150 200 250 300
Current I (mA)
Figure 10. Current-voltage-power (IVL) characteristics for
EB7523BA3-2F in cw mode. The inset shows the cw emission

spectrum between 80 K and 90 K.

In pulsed mode, this device lased at 80 K at 11.8 pum,
with a Jy ~ 44 A/cm?, which was reduced by a factor of
nearly 4 compared to the previous ICL [19], while its EQE
reached 451% at 80 K (Fig. 11), which is much higher than
that (41%) in the initial ICL containing InAosPos barriers
[19]. Additionally, this device operated in pulsed mode up to
160 K at 12.97 um with a J~ 1267 A/cm?, an increase of 40
K compared to the previous ICL [19]. Although this ICL
lased at longer wavelengths near 13 pm, the operating
temperature (160 K) of this device was even higher than the
maximum pulsed operating temperature of ICLs at shorter
wavelengths from wafers EB7541 and EB7547. These
significant improvements suggest further potential of ICLs
containing InAg 5Py s barriers.
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Figure 11. Pulsed results for the current-voltage-power (IVL)
characteristics (a) for EB7523BA3-2F along with the pulsed
emission spectrum (b) between 80 K and 160 K.

A representative 100-pm-wide device from wafer EB7539
also operated in cw mode up to 85 K with a Ji ~ 143 A/cm?
and at a lasing wavelength of 12.4 um (Fig. 12), longer than
devices from EB7523 and consistent with the design. It
delivered an output power of 6.4 mW/facet at 80 K with a Vi,
of about 5.7 V, which corresponds to a voltage efficiency of
~ 35%, similar to devices from EB7523.
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Figure 12. Current-voltage-power (IVL) characteristics for

EB7539BA2-2D in ¢w mode. The inset shows the cw emission
spectrum between 80 K and 85 K.
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Figure 13. Current-voltage-power (IVL) characteristics for

EB7539BA2-2A in pulsed mode. The inset shows the pulsed
emission spectrum between 120 K and 150 K.

In pulsed operation, a 150-um-wide device
(EB7539BA2-2A) lased at 80 K with a Jy ~ 64 A/cm?, which
is reduced about three times compared to the previous ICL
with InAsP layers [19], and 45% higher than that of
EB7523BA3-2F. Furthermore, this device lased in pulsed
mode up to 150 K at 13.1 um with a Ju~ 1111 A/cm?. The
extracted EQE in pulsed mode was ~ 341% at 80 K before
dropping to ~ 9% at 150 K as shown in figure 13. Both
EB7523 and EB7539 were able to hold significanly more
current density at their maximum operating temperature
compared with EB7541 and EB7547. Also, their differences
in EQE and threshold current density are seemingly more
mutually consistent in quantitative scale with their difference
in the estimated free-carrier absorption loss shown in Table 1,
in contrast to the differences between EB7541 and EB7547.

5. Further Discussion
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From the data presented, several additional quantities may
be inferred. The effective refractive index (nerr) of each
device, based on the waveguide simulation, can be used to
estimate the facet reflectance (R;2) and the subsequent
mirror loss (om). Using EB7541BA3-3H as an example, the
estimated R, and o, values are 0.291 and 8.236 cm’,
respectively. Since the waveguide simulation estimates a
lower bound (LB) for the internal loss (a;), an upper bound
(UB) can be estimated as well. Considering pulsed mode
operation at 80 K and assuming a perfect internal quantum
efficiency (IQE), the upper bound values of the a; can be
obtained based on the extracted EQE for each device and the
calculated om. In the case of EB7541BA3-3H, a perfect IQE
is equal to N¢ x 100% = 2000%, where N, is the number of
cascade stages in the device. Based on this assumption, an
upper bound value of the a; would be 17.5 cm™'. Furthermore,
a lower bound of the IQE can be determined based on the
calculated o, the measured EQE, and the lower bound o
from the waveguide simulation. For EB7541BA3-3H, this
results in a lower bound IQE of 1122%, considering a

waveguide loss due only to free carrier absorption of 6.2 cm™.

By utilizing the estimated optical confinement factor (I)
attained from the waveguide simulation, as well as the om,
and the upper and lower bounds for the oj, an estimation of
the upper and lower bounds for the threshold gain (gm) can
be ascertained. For EB7541BA3-3H, the resulting lower and
upper bounds for the g are 61.0 cm™ and 108.8 cm,
respectively. Table 2 lists these various estimated properties
from the above discussion for the other devices presented in
this work.

Device Iin R, O UB o; LB UB gu | LB ga)
(mA) ’ (em™?) | (em™)| IQE | (em™) | (em™)
EB7541 19 0.291 8.236 17.5 | 1122% | 108.8 | 61.0
EB7547 43 0.289 8.281 21.7 | 1039% | 128.6 | 66.8
EB7523 66 0.286 8.345 28.7 921% 163.7 | 75.4
EB7539 94 0.285 8.367 49.3 612% 257.7 | 78.9

Table 2. Several estimated device parameters based on measured
results in pulsed mode at 80 K and the waveguide simulation.

Based on the experimental results presented here, it can be
observed that the overall performance of the ICLs follows
the order: EB7541, EB7547, EB7523, and lastly EB7539.
This trend is qualitatively represented in the various
quantities calculated in table 2. There it can be seen that the
lower bound for the IQE across all 4 wafers is generally
much lower than the ideal value (100% per stage). If the LB
IQE are valid, there could be significant current leakage and
non-radiative recombination lossess due to SRH and Auger
processes. However, this is unlikely to be true for broad-area
ICL devices at 80 K, where the required threshold carrier
concentration is relatively low. Also, the defect density for
the wafers is not high (<10°cm?). Hence, actual internal
losses present in these devices could be substantially higher
than the estimated values based only on the free-carrier

absorption loss. The extra aborption loss might be caused by
intersubband transitions in valence band QWs [27-28], which
was recently studied and confirmed in ICLs in the 4-7 pm
wavelength region [29-30]. How intersubband transitions in
the valence band could affect the device performance of LW
InAs-based ICLs would be an interesting topic for future
research.

A future iteration on this subject will consider further
adjustments to the waveguide and QW layer thicknesses and
doping concentrations. These adjustments should benefit the
carrier transport and allow for the devices to carry larger
currents and operate at higher temperatures. Furthermore, the
same waveguide was used for all four ICL structures
presented here. However, each ICL structure emits at a
different wavelength, and so a unique waveguide tailored for
the desired lasing wavelength at higher operating
temperatures will further help to optimize the device
performance.

6. Concluding Remarks

Four new InAs-based ICL wafers were grown, which
included an advanced waveguide consisting of InAs SCLs,
InAs/AlSb intermediate SL cladding, and n*-InAs plasmon
cladding layers. Two of the ICL wafers also included
InAgsPo s barriers in the QW active region to achieve longer
wavelength operation. Modifications to the waveguide based
on the previous work, which included layer thickness
changes and doping concentration adjustments, resulted in
enhanced device performance in the 10-13 pm wavelength
region. Furthermore, the ICLs that included the active layer
design change exhibited cw operation beyond 12 um, which
is the first demonstration of BA ICLs operating in cw mode
at such long wavelengths. Several ICLs with this P-
containing barrier have been explored with varying InAs and
InAgsPos layer thicknesses, which have helped to pave the
way for better understanding of the expected lasing
wavelength for this new kind of ICL. For practical
applications, these long wavelength ICLs need to be capable
of operating near room temperature, or at least at
temperatures accessible by thermoelectric cooling. Possible
issues were identified, which suggest further room for
refinement. Nonetheless, the improvements presented here
are encouraging and we believe that with additional
adjustments such ICLs should be able to achieve better
performance in the 10-13 pm range at elevated temperatures.
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