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Abstract

We report the demonstration of continuous-wave (cw) interband cascade lasers (ICLs)
near 13 um. The attained lasing wavelength of 13.2 pm at 92 K stands as the longest cw
emission wavelength ever reported for III-V interband lasers. This achievement is
attributed to the adoption of an innovative quantum well (QW) active region comprising
strained InAsosPos layers in contrast to the commonly used “W” QW active region,
showing the potential of the modified QW active region with InAsP layers in improving

device performance and extending wavelength coverage of ICLs.



. INTRODUCTION

Interband cascade lasers (ICLs)! have become desirable, efficient mid-infrared

10-12 5wing to their low power consumption,

light sources®® for various applications
especially in the 3-4 pum wavelength region. Although high performance of ICLs has
been demonstrated at room temperature up to about 6 pm, extending the high-level
performance to longer wavelengths poses challenges due to factors such as a reduced
wavefunction overlap in type-II quantum well (QW) active region and rapidly rising free-
carrier absorption loss with increasing wavelength. The commonly used active region in
the type-ll ICL is a W-shaped type-Il QW that 1is composed of
AlSb/InAs/GalnSb/InAs/AlISb layers'*!4. With this W-QW active region in an optically
pumped laser, the lasing wavelength reached to 9.5 pm!°. For ICLs with the W-QW
active region and hybrid cladding layers!® comprising an AISb/InAs superlattice and
heavily n"-doped InAs, the lasing wavelength was recently extended to 12.2 pm in pulsed
mode and 12 um in continuous wave (cw) operation'’. However, those long wavelength
(LW) ICLs stopped lasing with a relatively low threshold current density (<300 A/cm?),
which limited their maximum operating temperature to 137 K and 106 K in pulsed and
cw modes, respectively, as well as the longest wavelength that could be reached.
Recently, based on a perspective from the band structure in type-II QWs'®, we
proposed and implemented an innovative QW structure comprising strained InAso sPo.s

barriers in the active region of type-I1I ICLs!'*-?!

, which enabled lasing extended to 14.4
um in pulsed operation at 122 K*!. Moreover, compared to ICLs with the regular W-QW

active region at similar LW wavelengths, the maximum operating temperature for ICLs

with modified QW active regions was much higher (e.g., 212 K vs. 137 K near 12 pm)?!,



suggesting further benefits that the new QW active region may bring. In this work, using
one of the LW ICL wafers (EB7906) from prior work with an InAso.sPo.s containing QW
active region®!, we fabricated narrow ridge (NR) devices and demonstrated their cw
operation at temperatures up to 92 K at 13.2 um, the longest wavelength in cw mode ever

achieved among ICLs and III-V interband lasers.

Il. EXPERIMENT

The ICL structure was grown by molecular beam epitaxy on an InAs substrate
and has 23 cascade stages, each of which is composed of a QW active region sandwiched
by an InAs/AlISb(As) QW electron injector and a GaSb/AISb(As) hole injector as
described in Refs. [19-21]. Every active region in this wafer EB7906 consists of a layer
sequence  of  AlAso.11Sbo.so/InAso sPo.s/InAs/Gag.65Ino 35Sb/InAs/InAsosPos,  with

thicknesses of 19/16/25/28/20/13 A in
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FIG. 1. Schematic band diagram of one cascade stage

The wafer was fabricated into at 80 K and the layer sequence for wafer EB7906.

deep-etched narrow ridge laser devices by contact lithography and wet chemical etching
to a depth of 7.1 um. Due to substantial lateral etching, the etched ridge is a trapezoid

with the narrower edge on the top. Lasers with two ridge widths were fabricated. The



average ridge widths of the cascade stages are ~8 and ~11 um according to scanning
electron microscope (SEM) measurements. The passivation layer comprises a 250-nm-
thick sputtered SiO; layer and a thick photoresist insulating layer on top of the SiO; layer
to prevent pinholes on the sidewalls. The contact window of the SiO> layer was opened
by chemical etching. A 1.3-um-thick Ti/Au contact layer was thermally deposited on the
top of the wafer for current injection and improving heat dissipation. The wafer was left
unthinned with a bottom metal contact and cleaved into laser bars with a 0.8- or 1.7-mm-
long cavity without facet coating. Then, the laser bars were mounted epi-side-up onto
copper heatsinks with indium solder for pulsed and cw testing.

Emission spectra of the fabricated ICLs were obtained using a Nicolet 8700
Fourier transform infrared spectrometer (FTIR). The cw output power was measured by a
PM3 Coherent PowerMax thermopile power meter, and the pulsed output was collected
by a MCT detector with a Stanford SR830 Lock-in amplifier. Since the beam divergence
was large for the laser beam at long wavelengths, a portion of the beam is not counted in
the cw power collection. The reported output power and external quantum efficiency

(EQE) of the device are thus conservative.

lll. RESULTS AND DISCUSSION

An 8-um-wide ICL was able to lase in cw operation up to 92 K with an emission
wavelength near 13.2 um, red-shifted from 12.41 pm at 80 K, as shown in Figure 2. The
significant red-shift of lasing wavelength from 80 to 92 K was caused mainly by heating
in the device. This cw lasing wavelength at 92 K is significantly longer than the longest

wavelength of 12.2 um reported for ICLs with the regular W-QW active region'’, which



is also the longest cw lasing wavelength among all III-V interband lasers, indicating an

enhanced wavelength tailoring capacity of ICLs with the modified QW active region.

Another device with 11-um-wide and 0.8-mm-long cavity was able to lase up to 88 K

near 13 um in cw mode, as shown in Figure 3. The cw operating temperature of 11-um-

wide and 0.8-mm-long device was 4 K lower than that of 8-umx1.7-mm device, which

might be due to a somewhat higher threshold current density Jin with a higher mirror loss.
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FIG. 2. Continuous wave (CW) lasing spectra of an 8 umx1.7 mm ICL. The threshold current and voltage at

each temperature are listed in the figure.
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FIG. 3. Current-voltage-light (IVL) characteristics of an 11 pmx0.8 mm ICL in continuous wave (CW)

mode, with its lasing spectra (inset) at several temperatures.



At 80 K, the two devices had comparable Ju: 225 A/cm? for the 8-pmx1.7-mm
device and 230 A/cm? for the 11-umx0.8-mm device, despite a substantial difference in
cavity length and mirror loss. This might be compensated partially by the difference in
leakage current through sidewalls due to different ridge widths. Although the pulsed Jn
(205 A/cm? with a threshold voltage of 6.72 V at 80 K for the 11-um-wide device in

Figure 4) is slightly lower than the
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FIG. 4. Pulsed lasing spectra at various temperatures for
the 11-pm-wide ICL. The threshold current and voltage
at each temperature are listed in the figure.

decreased with increasing
temperature due to reduced device
resistance at higher temperatures, which helped carrier transport across the ICL structure.
This suggests that the increased Ji was caused mainly by a large portion of current
leakage through sidewalls and extra optical loss due to optical scattering and absorption
near the sidewalls with SiO; passivation layer, as SiO2 has substantial absorption at this
long wavelength. As a result, more electrons are required to yield a sufficient optical gain
to compensate the higher loss at the threshold.

At 80 K, the cw lasing wavelength of the NR device was 12.4 pm, 0.5 pm shorter

than the lasing wavelength of 12.9 pm for the BA device in pulsed operation. The pulsed



lasing wavelength was 12.26 um at 80 K, as shown in Figure 4, even shorter without the
heating effect. This blue-shift of lasing wavelength could be caused by the combination
of wafer nonuniformity and band-filling effect due to the much higher threshold current
density. Nevertheless, the lasing wavelength was still in the same gain peak since the
photon energy was increased only by 4.7 meV in such a long wavelength region. The cw
lasing wavelength red-shifted with increasing temperature at a rate of 64.2 nm/K, much
higher than 12.4 nm/K in the pulsed operation, implying significant heating in the active
region. This heating made the actual device temperature substantially higher than the
heat-sink temperature. For example, for the 11-um-wide device in cw operation at 88 K,
the actual temperature in its active region was about 128 K (40 K higher than 88 K),
which can be extracted by comparing Jum in pulsed and cw modes as shown in Figure 5.
Although the NR devices exhibited significant higher Ji compared to the BA devices, the
11-um-wide device lased in pulsed mode at temperatures up to 148 K with a Ju of 2.5
kA/cm?, only 2 K below the maximum operating temperature of 150 K for the BA

devices, as shown in Figures 4 and 5.
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F1G. 5. Threshold current density and voltage of EB7906 for both BA and NR devices.



The pulsed lasing wavelength of the 11-pum-wide device was 0.17 pm shorter than cw
lasing wavelength at 80 K, even though the input power was only 129 mW, indicating a
considerable heating issue for LW ICLs due partially to both higher threshold current
density and operating voltage with more cascade stages. Consequently, as shown in
Figure 3 by the cw current-voltage-light (IVL) characteristics for the 11-pm-wide device,
its output power quickly reached the thermal rollover with a maximum output power of
0.58 mW at 80 K at a current of 50 mA and voltage of 7 V. The 11-um-wide device
exhibited a cw EQE of only ~30% (Figure 3) compared to the pulsed EQE of ~49% at 80
K, as shown in Figure 6. Notably, both EQE values were significantly lower than the
EQE value of 220% achieved by a 100-um-wide BA device?!. This significant reduction
in EQE provided further evidence of the substantial leakage current and higher
waveguide loss in the narrow ridge device. Unlike the BA device, where pulsed EQE was
fairly stable at low temperatures, the EQE for NR device quickly decreased from 49% at
80 K to 24% at 100 K, suggesting a strong temperature dependent waveguide loss, which

might be related to the optical loss at longer wavelengths.
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FIG. 6. IVL characteristics of the 11-um-wide ICL in the pulsed mode.

Figure 5 summarizes the threshold current densities and threshold voltage for both

BA and NR devices. The NR devices exhibited a higher Ji due to the current leakage



through sidewalls and extra optical loss, but their characteristic temperature To of 31 K
(extracted from 80 to 140 K) is comparable to the value for BA devices. The extracted
thermal resistance Ry is ~10 Kem?kW, partially due to the 1.3-um-thick gold layer
deposited on the top, which is improved compared to BA devices. The NR device had a
slightly lower threshold voltage and higher voltage efficiency compared to the BA device,
especially at higher temperatures as the current distribution might be easier and better in
smaller devices. The voltage efficiency (7) is defined as 7v = NsE,/eVm, where Ns is the
number of stages, E, is the emitted photon energy and e is electron charge. 7, evaluates
how efficiently the applied threshold voltage is used to generate the quasi-Fermi energy
difference in the active region for the photon energy. Hence, as their voltage efficiency
(e.g., 35% at 80 K) is lower than a typical value (e.g., ~70%) that ICLs with the regular
W-QW active region could achieve at shorter wavelengths, a substantial portion of the
applied voltage might be consumed to overcome possible barriers in the structure,
implying possible issue with carrier transport in LW ICLs with the modified QW active

region, which will be a subject of our future study.

IV.SUMMARY AND CONCLUSIONS

In summary, cw operation of ICLs has been demonstrated at LW wavelengths up
to 13.2 pm, indicating that a milestone was passed with the use of an innovative QW
active region. While this longest ever-reported cw wavelength for ICLs suggests the
promising potential of incorporating InAsP barriers in the active region, this new type of
ICLs is still in the early stage and far from optimized as the device exhibited notably

lower voltage efficiency compared to the regular “W”-QW structures and significant



optical loss and current leakage. Continued effort will be required in device fabrication
and understanding to improve the performance, pushing the LW ICLs to operate at higher
temperatures and for practical applications. Other quantum engineering techniques, such
as mitigating inter-valence-subband transition absorption loss, which has been proven
successfully in ICLs in the 4-7 um wavelength region®’, can also be explored in LW

ICLs with the modified QW active region for further improvements.
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FIG. 1. Schematic band diagram of one cascade stage at 80 K and the layer sequence for

wafer EB7906.

FIG. 2. Continuous wave (CW) lasing spectra of an 8§ umx1.7 mm ICL. The threshold

current and voltage at each temperature are listed in the figure.

FIG. 3. Current-voltage-light (IVL) characteristics of an 11 pumx0.8 mm ICL in

continuous wave (CW) mode, with its lasing spectra (inset) at several temperatures.

FIG. 4. Pulsed lasing spectra at various temperatures for the 11-um-wide ICL. The

threshold current and voltage at each temperature are listed in the figure.

Fig. 5. Threshold current density and voltage of EB7906 for both BA and NR devices.

Fig. 6. IVL characteristics of the 11-um-wide ICL in the pulsed mode.
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