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Abstract

InAs-based interband cascade (IC) lasers with improved optical confinement have
achieved high-temperature operation with a threshold current density as low as 333 A/cm” at
300 K for emission at 6003 nm. The threshold current density is the lowest ever reported
among semiconductor mid-infrared lasers at similar wavelengths. These InAs-based IC
devices lased in pulsed mode at temperatures up to 357 K near 6.28 um. A narrow-ridge

device was able to operate in continuous-wave mode at temperatures up to 293 K at 6.01 um.
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Interband cascade (IC) lasers were first proposed at a conference in 1994 [1], the same
year when quantum cascade (QC) lasers based on intersubband transition were initially
demonstrated [2]. From a historical perspective, the emergence of IC lasers evolved from the
early pursuit of intersubband lasing and research on interband tunneling in type-II quantum
well systems [3-7], which had been mentioned on several occasions [8-10]. Both IC and QC
lasers share the characteristic benefit of cascade structures for reusing every injected electron
to generate multiple photons with high quantum efficiencies and uniform carrier injection
over every active stage. In principle, IC lasers should have the advantage that interband
transitions have orders of magnitude longer carrier lifetime compared to that in QC lasers,
where fast phonon scattering is inherent to intersubband transitions. However, despite the
favorable results projected by theoretical calculations and arguments [11-12] and the fact that
they appeared at about the same time, the amount of effort expanded in the development of
IC lasers has been very limited as compared with QC lasers. Consequently, many aspects of
IC lasers have been unexplored or remained in the early phase. This is partially attributed to
the less mature Sb-based III-V material system and related device fabrication technology, as
well as limited resources for the growth of Sb-based materials compared to more mature InP-
and GaAs-based material systems and the widely available resources for them.

In the last decade, remarkable progress in developing IC lasers on GaSb substrates has
been achieved mainly in the 3-4 um wavelength region [13-19]. Low threshold current
density (e.g. ~100 A/em® at 3.6 pm) and low power consumption (<0.I W) at room
temperature [19] have led to growing applications in chemical sensing, including the

detection of CH4 on Mars [20]. By using type-I quantum well (QW) active regions, IC



lasers have extended emission wavelengths down to 2 um with enhanced device performance
[21]. On the longer wavelength side, by employing a plasmon waveguide approach on InAs
substrates, which was initially used in QC lasers [22-23], IC lasers have been demonstrated at
wavelengths beyond 6 um and up to 11 um [24-29]. Recently, efforts have been expanded
to improving GaSb-based IC lasers at wavelengths approaching and beyond 6 um [30-31]. At
wavelengths near or beyond 6 um, these reported IC lasers were operated at temperatures
below 350 K in pulsed mode and their threshold current densities at room temperature were
close to or higher than 500 A/cm?® (e.g. 660 A/cm” at 6 um [30]), so they could not lase in
continuous wave (cw) mode at room temperature. In this paper, we report InAs-based IC
lasers that are able to lase in pulsed mode at high temperatures (>350 K) with emission
wavelengths beyond 6 pm and with significantly reduced threshold current density at room
temperature (<400 A/cmz). For the first time, cw operation of IC lasers is demonstrated at
room temperature near 6.01 pm.

The IC laser structure was designed based on an improved waveguide configuration [32]
with two 0.65-um-thick undoped InAs separate confinement layers (SCLs), two 1.3-um-thick
InAs/AISb/AlAs superlattice (SL) intermediate cladding layers, and highly-doped n'-InAs
(1.1x10" ¢cm™) outer cladding layers, which has been proven to be effective to enhance
optical confinement and reduce the optical loss for InAs-based IC lasers near 4.6 pum
compared to the early design [32]. In comparison with the GaSb-based IC lasers [19, 30-31]
where GaSb is used for SCLs, the optical confinement factor for an InAs-based IC laser
would be reduced if the same number of cascade stages is used because the refractive index

of InAs is substantially smaller than that of GaSb. Hence, more cascade stages are desirable



for InAs-based IC lasers to achieve a comparable optical confinement factor. Nevertheless,
the thermal dissipation can be improved and the growth of InAs-based IC lasers is easier
because of significantly reduced thickness of SL cladding layer and without using mixed
group-V InAsSb layers. Also, the carrier transport can be more efficient and smooth in
InAs-based IC lasers without using an n-type GaSb layer (that has a significant higher
conduction band-edge in constrast to InAs), possibly resulting in an improved voltage
efficiency. In this work, the InAs-based IC laser structure comprises 15 cascade stages and
was grown on an n-type InAs substrate in a V90 MBE system. The calculated band-edge
diagram (based on a two-band model [7,33]) with a detailed layer sequence for one cascade
stage is shown in Fig. 1. The central 2 InAs QWs in the electron injector of each cascade
stage were doped with Si to 2.6x10'® cm™. Compared to the IC laser near 4.6 pum [32], the
number of QWs in the electron injector is reduced from 5 QWs to 4 QWs for the longer
lasing wavelength and the doping concentration is also adjusted. The estimated internal loss
due to free-carrier absorption is ~6.5 cm™.

The laser wafer was processed into deep-etched broad-area (150- and 100-pum-wide) mesa
stripe lasers and narrow-ridge (nominally 10-, 12-, 15-, and 20-um-wide) lasers by contact
photolithography and wet chemical etching. The processed wafers were typically cleaved
into laser bars with a length of 2 mm (unless otherwise specified) and the facets were left
uncoated. The laser bars were mounted epilayer side up on copper heat sinks with indium
solder, and placed on the cold finger of a cryostat for measurements in cw and pulsed modes.

In pulsed measurements, the applied current pulse width was 1 ps at a repetition rate of 5 kHz.

When the applied current was larger (e.g. > 6 A), the pulse width was reduced to 150 ns to



avoid possible Joule heating.

In pulsed operation, broad-area (BA) devices made from this IC laser wafer exhibited an
emission wavelength near 6 um at 300 K (Fig. 2) with substantially lower threshold current
densities compared to previously reported IC lasers at similar wavelengths. For example, a
150-um-wide device had a 300K threshold current density Jy, of 333 A/cm? at 6003 nm with
a threshold voltage of 4.8 V, corresponding to a threshold input power density of 1.6 kW/cm®
at 300K, the lowest ever reported among mid-IR semiconductor lasers at similar wavelengths.
Compared to a state-of-the-art 7-stage GaSb-based IC laser at 6 um with the threshold current
density of 660 A/em’ and threshold voltage of 3.41 V [30, 34], Ju, of this InAs-based IC laser
is reduced by about 50% with a higher voltage efficiency (64.6% vs. 42.4%) and its threshold
input power density is also lowered by 29% (1.6 vs. 2.25 kW/cm?). This BA device lased in
cw mode at temperatures up to ~230 K and in pulsed mode at temperatures up to 350 K
(limited by the maximum available current) with lasing wavelength red shifted from 5477 nm
at 200 K to 6273 nm at 350 K as shown in Fig. 2. As shown in the inset to Fig. 3, another
100-um-wide device lased at temperatures up to 357 K near 6.28 um, the highest operating
temperature reported for electrically-pumped interband lasers at this wavelength. In Fig. 3,
threshold current densities for several representative devices are plotted as a function of the
heat-sink temperature, 7. The characteristic temperature, 7y (~38 K in the neighborhood of
300 K), is somewhat lower than that of state-of-the-art GaSb-based IC lasers in the 3-4 um
wavelength region [19].

Narrow-ridge (NR) devices with a top layer of ~4-um electroplated gold were able to

lase in cw mode at higher temperatures than BA devices as indicated in Fig. 3. Due to



isotropic etching with the wet chemical solution, the actual widths of devices were narrower
than what were defined by the mask set. For example, the nominal 10-pum-wide ridge device
is actually about 7-um-wide in the cascade region. Their threshold current densities were
generally higher than corresponding values for BA lasers as shown in Fig. 3. Also, the
threshold current densities of the narrow ridge lasers vary substantially from device to device
as shown by two 7-um-wide narrow-ridge devices in Fig. 3, indicating large non-uniformities
in device fabrication with the rough side wall surfaces due to wet etching. For example, at
300 K, the pulsed threshold current density in 7-um-wide narrow-ridge devices was about 52%
to 145% higher than that in a broad-area laser at the same cavity length. The difference is
substantially higher than the ~34% difference reported for IC lasers in the 3-4 um wavelength
region [14]. This suggests a somewhat significant current leakage from the sidewalls due to
imperfect passivation, which implies further room to achieve better performance by reducing
this surface leakage. Nevertheless, a 7-um-wide narrow-ridge device lased in cw mode at
temperatures up to 293 K at 6.01 um as shown in Fig. 4. The detected output power exceeded
3 mW/facet at 280 K without accounting for beam divergence loss. The Joule heating in the
laser was substantial at 293 K, which shows the thermal rollover in Fig.4. The input power
at threshold was about 0.66 W at 293 K, which is higher than the state-of-the-art GaSb IC
lasers in the 3-4 um wavelength region [19], but this is still encouraging considering that the
lasing was at a significantly longer wavelength. The cw operation of these narrow-ridge 1C
lasers was affected by their relatively high leakage current and a finite thermal resistance.
By comparing threshold current densities in cw and pulsed modes, the specific thermal

resistance for the 7-um-wide ridge lasers was deduced to be in the range 4.4 to 4.6 Kem?*/kW,



which limited the maximum allowed cw threshold current density below 1 kA/cm?, as shown
in Fig. 3. This suggests there is still room for improving thermal dissipation of these
InAs-based IC lasers even without employing epilayer-down mounting.

In summary, InAs-based IC lasers were demonstrated at emission wavelength beyond 6
um with low threshold current densities and cw operation at room temperature. Further
advancements are expected with improvements in thermal management and device
fabrication (such as facet coating and dry etching for smooth side walls). There is also room
for optimization of device design, considering that there are many adjustable parameters and
this is still an early stage of development for this long wavelength spectrum.
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Figure Captions

Figure 1. Calculated band-edge diagram of one cascade stage and the layer sequence.

Figure 2. Near threshold pulsed lasing spectra of a 150-um-wide device at various
temperatures, where operating current and voltage are provided near corresponding lasing

spectral curves.

Figure 3. Threshold current density, Ju vs. heat-sink temperature, 7, for both broad-area

(BA) and narrow-ridge (NR) lasers. The inset is the pulsed lasing spectrum for a

100-um-wide device at 357 K.

Figure 4. Current-voltage-light characteristics for a 7-um-wide, 2-mm-long device in cw

operation. The inset is the cw lasing spectrum at 293 K.
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Figure 1. Calculated band-edge diagram of one cascade stage and the layer sequence.
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Figure 2. Near threshold pulsed lasing spectra of a 150-um-wide device at various temperatures.
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inset is the cw lasing spectrum at 293 K.
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