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Abstract

We report significantly enhanced device performance in long wavelength interband cascade lasers
(ICLs) by employing a recently proposed innovative quantum well (QW) active region containing
strained InAsP layers. These ICLs were able to operate at wavelengths near 14.4 pm, the longest ever
demonstrated for III-V interband lasers, implying great potential of ICLs to cover an even wider
wavelength range. Also, by applying the aforesaid QW active region configuration on ICLs at
relatively short wavelengths, ICLs were demonstrated at a low threshold current density (e.g., 13
A/ecm? at 80 K) and at temperatures up to 212 K near 12.4 um, more than 50K higher than the
previously reported ICLs with the standard W-shape QW active region at similar wavelengths. This
suggests that the QW active region with InAsP layers can be used to improve device performance at
the shorter wavelengths.

Index Terms—III-V materials, advanced waveguide, Interband cascade laser (ICL), long wavelength
operation, mid-IR laser, semiconductor laser.
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Interband cascade lasers (ICLs) [1-2] based on type-II quantum wells (QWs) are an efficient mid-
infrared light source for many practical applications due in large part to their low power consumption
[2-11]. High performance operation of ICLs has been demonstrated at room temperature across a
wavelength range from 2.7 pm to about 6 pm [2-8]. By using a plasmon waveguide on an InAs
substrate for ICLs [12], pulsed lasing up to 55 °C near 7.1 um was achieved [13]. However, extending
the operation of ICLs to longer wavelengths with similar performance as their short wavelength
counterparts is challenging due to factors such as the reduced wavefunction overlap in the type-11 QW
and the increased free-carrier absorption loss. For the commonly used W-shape type-II QW active
region [14] with the conventional waveguide, the longest lasing wavelength achieved was 9.5 pm for
an optically pumped laser [15]. By introducing a plasmon waveguide configuration, InAs-based ICLs
exhibited elevated long wavelength (LW) operation up to 11.2 um [16]. With the development of an
advanced waveguide [17] that includes hybrid cladding layers, the operation was extended to 11.5
um [18]. However, the maximum pulsed operating temperature for these LW ICLs using the plasmon
and advanced waveguides was limited to 137 K at 11.5 um, 155 K at 11.2 um [18], and 190 K at 10.4
pm [19], which is much lower than their short wavelength counterparts. As the lasing wavelength
increases, the device performance of these LW ICLs degrades dramatically, partly due to the reduced
electron-hole wavefunction overlap in the type-II QW. To alleviate this issue, we have recently
proposed and implemented an innovative QW active region in LW ICLs utilizing InAs 5Py s barriers
[18, 20]. Based on the perspective of band structure [21], these InAsgsPos barriers can lower the
interband transition energy, facilitating lasing at longer wavelengths with reduced InAs layer
thicknesses. Indeed, the initial ICLs with InAso sPo s barriers in the QW active region showed a pulsed
lasing wavelength beyond 13 um [20], with an operating temperature up to 160 K at 12.97 um and
150 K at 13.1 pm [18]. These preliminary results indicate a promising approach to expanding the
frontiers of LW ICLs.

In this work, using the above-mentioned QW active region containing strained InAsg sPo s layers,
we demonstrated not only a substantial expansion of the wavelength coverage of ICLs to nearly 14.4
um, the longest ever reached for III-V interband lasers, but also significantly enhanced device
performance in terms of reduced threshold current density (e.g., 13 A/cm? at 80 K) and increased
operating temperature up to 212 K near 12.4 um. These achievements suggest an extraordinary
potential for ICLs to cover an even wider wavelength range in the future, and to improve device
performance with higher operating temperatures at shorter wavelengths.

Three ICL wafers (EB7904, EB7906, and EB7908) were grown by MBE on InAs substrates, all
of which incorporated the advanced waveguide [17-18] and featured the InAsosPos barriers in the
QW active region. ICL wafers EB7904 (EB7906) are composed of 23 cascade stages with an active
region layer sequence of AlAsosoSbo.11/InAsosPos/InAs/GageslngssSb/InAs/InAsosPos, with
thicknesses of 19/16/25/28/20/16(13) A in the growth direction. ICL wafer EB7908 had a similar
active region design, but with 20 cascade stages and reduced InAs layer thicknesses in the W-QW
active region of 21 A and 17 A. This was done in order to evaluate this modified QW for shorter
wavelength operation near 11 pm, comparable to that of ICLs with the regular W-QW active region
reported in Ref. 18. All three ICL wafers have the same electron and hole injector regions.

Compared to the ICLs in Ref. 18, the GaSb layer thicknesses in the hole injector were increased
by ~10% to raise the hole energy levels towards the valence band edge of GaSb so that the interband
tunneling window can be enlarged [21] at a given voltage, facilitating more efficient carrier transport
with a reduced threshold voltage [22]. Additionally, for EB7904 and EB7906, the doping
concentrations in the electron injectors and n*-InAs cladding layers were reduced to 7.3x10'7/cm?® and
2.5%10"/cm?® to minimize free-carrier absorption, respectively, while the thicknesses of the InAs
separate confinement layer (SCL) and superlattice (SL) intermediate cladding layer were increased
to 1.15 and 1.9 um, respectively, to accommodate the long wavelength (~13 pm) photons. Pieces of
the wafers were fabricated into 100-um-wide and 150-um-wide broad area (BA) mesas using
standard UV contact photolithography and wet chemical etching. They were left unthinned and
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cleaved into approximately 1.5-mm-long laser bars without facet coating, which were mounted epi-
side up on copper heat sinks for testing.
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Fig.1. Current-voltage-light (IVL) characteristics in | Fig. 2. Threshold current density as a function of
cw mode of an ICL from wafer EB7908, with its | temperature for ICLs made from three wafers.
lasing spectra (inset).

A 150-um-wide ICL from EB7908 lased in continous wave (cw) up to 123 K with a lasing wavelength
near 11.3 pm, red-shifted from 10.45 pm at 80 K, as shown in Fig. 1. The threshold current density
Jin for this device is 13 A/cm? at 80 K, similar to that from a previously reported ICL with the W-
shape QW active region near 10.2 um, but significantly lower than 26.7A/cm? for another ICL near
10.9 um [18]. Their external quantum efficiencies (EQEs) are comparable, but the output power of
this device reached 89 mW/facet at 80 K, as shown in Fig. 1. This output power is much higher than
the previously reported maximum value of 56 mW/facet at a somewhat shorter wavelength [18]. This
could be partially because ICLs with InAsP barriers can operate at a much higher current density than
ICLs with the regular QW active region in this LW range, which is also true for pulsed operation, as
will be presented below. Similar performance was observed from multiple devices made from
EB7908. For example, a 100-um-wide ICL lased in cw at temperatures up to 125 K with an output
power of 8 mW/facet and an EQE of 115% and delivered a maximum output power of 80 mW/facet
at 80 K with an EQE of 452%. Their threshold current densities are summarized in Fig. 2. The
threshold voltage Vi, was about 5.1 to 5.3 V at 80 K, corresponding to a voltage efficiency from 47%
to 45%, which is substantially improved from 31%-35% for the initial ICLs with InAsP barriers [18].
However, it is still substantially less than the voltage efficiency of ~80% observed in early InAs-
based ICLs [5], suggesting room for further improvement.
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Fig. 3. Pulsed lasing spectra of an ICL from EB7908. | Fig. 4. Pulsed IVL of an ICL from EB7908.




In the pulsed mode with 1 ps current pulses at 5 kHz (2 kHz for temperatures at 212 K to reduce
the heating), the device in Fig. 1 lased at temperatures up to 212 K near 12.4 um as shown in Fig. 3,
which is 57 K higher than the maximum operating temperature of a previous ICL at a similar
wavelength [18]. Again, compared to the previous ICLs with the regular W-shape QW active region
at similar wavelengths, the operating current allowed in this device is much higher and consequently
could afford a threshold current density of ~2244 A/cm? at 212 K. Its pulsed threshold current density
at various temperatures is plotted in Fig. 2, from which a characteristic temperature Ty of 31 K is
extracted, which is comparable with previous ICLs at similar wavelengths [18] but covers a relatively
wider temperature range. From the current-voltage-light (IVL) characteristics of a BA ICL, as shown
in Fig. 4, the slope efficiency was nearly unchanged from 80 K to 160 K in pulsed operation and then
decreased rapidly at higher temperatures, but it could still deliver a few milliwatts per facet of peak
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Fig. 5. Pulsed spectra of an ICL from EB7906. Fig. 6. Pulsed IVL of an ICL from EB7906.

In the pulsed mode, the ICLs from EB7906 lased at temperatures up to 150 K near 13.8 pm, as
shown in Fig. 5, which is noticeably longer than the reported 13.1 um in Ref. 18 with a similar QW
active region due possibly to variations in the layer thicknesses with changing growth conditions over
time. At these longer wavelengths, the threshold current density was 69 A/cm? at 80 K to 1593 A/cm?
at 150 K, as shown in Fig. 5 and Fig. 2 for two devices from EB7906. Because of the longer
wavelength, the Ju was somewhat higher than that for the 13.1 um ICL in Ref. 18. However, their
maximum operating temperatures are the same, which is mainly attributed to the newer ICL having
more cascade stages (23 vs 20) and the modified design with reduced doping concentrations and
increase thicknesses of SCL and cladding layers in EB7906. Nevertheless, the threshold voltage was
also higher (e.g., 6.46 V at 80 K, corresponding
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relatively short wavelengths (11.8- 12.1 um) [18], but much higher than the reported 41% for the
initial ICL with the InAsP barrier layers and emission wavelength of 12.7 um at 80 K [20], suggesting
that the optical internal absorption loss was decently controlled at low temperatures and at such a long
wavelength (12.9 pum).

The ICLs from EB7904 lased in pulsed mode at temperatures up to 122 K near 14.35 um, as
shown in Fig. 7, red-shifted from 13.86 um at 80 K and slightly blue-shifted from 14.38 um at 120 K
due possibly to the band-filling effect. Compared to ICLs from EB7906, the actually grown layers
might be slightly thicker, and the designed 16 A InAsP layer (near the hole injector) is 3 A thicker
than that in EB7906, which contributed to the longer lasing wavelength. With significantly increased
wavelengths, the threshold current density was higher and increased from 109 A/cm? at 80 K to 787
A/cm? at 122 K, as shown in Fig. 2. At 80 K, the threshold voltage was 6.54 V, corresponding to a
voltage efficiency of 31%, similar to that in devices from EB7906. This low voltage efficiency could
still be related to possible carrier transport issues in addition to a substantial voltage drop on parasitic
resistance with a relatively high threshold current, which will be a subject of further research.

In summary, significantly enhanced device performance of LW ICLs has been demonstrated by
utilizing modified QW active regions compared to the commonly used W-shape QWs, which pushed
the wavelength coverage beyond 14 pm, suggesting exceptional potential and capability of ICLs to
operate in an even wider range in the mid-infrared region. Also, the modification of the QW active
region can substantially improve device performance towards the high temperature operation with
shorter wavelengths. In combining other quantum engineering techniques such as mitigating inter-
valence-subband transition absorption loss [7-8], further improvements in device performance of
ICLs are expected at LWs and the shorter wavelengths (e.g., 8-10 um) in the future. It is noteworthy
that although excellent device performance was achieved at 80 K, these ICLs are far from room
temperature operation compared to quantum cascade lasers in this LW (12-15 um) region [23].
Continued effort and innovations will be required to push them towards operation at room temperature
and above for many practical applications.
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