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Abstract

We report significant improvements in threshold current density and maximum operating
temperature in continuous wave (CW) operation of interband cascade lasers (ICLs) near 5 um.
The uncoated ICLs were demonstrated at room temperature with a threshold current density of
343.8 A/cm? and an output power of 31 mW/facet at 25°C in CW mode. Different ICLs made
from the same wafer were compared to study the impact of device dimensions on performance.
The threshold current density of 331 A/cm? achieved from a facet-uncoated 5 mm-long device
at 25°C 1s the lowest among all previously reported room temperature CW ICLs with emission
wavelengths longer than 4 um. Compared to the previous record of 480 A/cm? at 4.75 pum for
a facet-coated 4-mm-long ICL at 25°C, this value of 331 A/cm?is reduced by 31%, representing
a substantial improvement. Benefited from improved device fabrication and enhanced thermal
dissipation, the maximum CW operating temperature of the device reached 66 °C, which is the
highest ever reported for ICLs with similar emission wavelengths.
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After about 30 years of development since the proposal of the initial concept [1], interband
cascade laser (ICL) has become a major mid-infrared semiconductor laser technology with a vast
potential for many applications [2-4]. By combining advantages of interband transitions of diode
lasers and the cascade configuration of quantum cascade lasers [5], ICLs based on type-1I quantum
well (QW) active region are able to operate with low power consumption and cover a wide
wavelength range from 2.7 um to beyond 14 pm [2-4, 6-12]. In the 3-4 pum wavelength region,
ICLs achieved very efficient continuous wave (CW) operation at room temperature (RT) with
threshold current density (Ji) as low as 156 A/cm? [12]. However, at wavelengths longer than 4
pm, their CW RT threshold current densities were typically more than 500 mA/cm? [2-3, 7-8, 13-
19] and the lowest reported Jin was 480 A/cm? at 4.75 um for a facet-coated 4-mm-long ICL at
25°C [13], although the pulsed RT Ji of their corresponding broad-area (BA) ICLs could be below
300 A/cm? (e.g. 220 A/cm?® [15] and 252 A/ecm? [16]). This was due mainly to the combination of
relatively poor thermal dissipation and sidewall effect that caused a substantial leakage current and
optical scattering loss. The sidewall effect becomes more significant when the ridge of an ICL
device is narrower and the lasing wavelength is longer with a smaller bandgap. Also, thermal
dissipation becomes poorer at longer wavelengths because of the thicker cladding layers, which is
especially severe in the case of InAs/AISb short-period superlattice (SL) cladding. The issues due
to the SL cladding have been addressed by a waveguide approach using hybrid cladding layers
[14]. This approach is very effective particularly for ICLs on InAs substrates at long wavelengths
[3], which dramatically reduces the SL cladding thickness and helps the device thermal dissipation.

In this work, by applying an epi-side down mounting technique to InAs-based ICLs with
hybrid cladding layers, thermal dissipation is further enhanced. In addition, the sidewall effect is
reduced when the narrow ridge (NR) device fabrication is improved using an inductively coupled
plasma (ICP) dry etching approach. As such, the fabricated NR ICL devices achieved CW
operation at temperatures up to 66°C at a wavelength near 5.1 pum, representing the highest CW
operating temperature among ICLs with similar lasing wavelengths. More importantly, threshold
current density as low as 331 A/cm? was achieved at RT (25°C), which is substantially lower than
any values of RT CW Ju among ICLs at wavelengths longer than 4 pm.

A piece of ICL wafer B that was described in Ref. 16 was fabricated to NR devices with ridge
widths of 7, 10, 20 and 30 um using an inductively coupled plasma (ICP) etching containing gas
mixtures of methane and hydrogen. A 200-nm-thick Si3N4 and 200-nm-thick SiO> layers were
deposited by plasma-enhanced chemical vapor deposition for insulation. Ti/Au metals were
applied for the top contact with a 6 pm-thick Au layer deposited by electroplating. After substrate
was thinned down to about 120 um, an AuGeNi/Au metal contact was deposited on the backside
of the substrate. The ICL structure was grown on a undoped n-type InAs substrate (carrier
concentration: 1-3x10'%/cm?) by a Veeco GENxplor MBE system, which has 10 cascade stages
and hybrid cladding layers consisting of InAs/AlSb SLs and heavily-doped n-type InAs. BA
devices made previously from this wafer could lase in a pulsed mode near 4.84 pm at 300 K with
a Jm as low as 269 A/cm? (for a cavity length L of 1.5 mm). More structural details were given in
Ref. [16]. The fabricated NR devices were cleaved into 2-mm, 3-mm and 5-mm-long laser devices
without facet coating. They were mounted epi-side down on diamond submounts using indium
solder for testing. A Fourier transform infrared spectrometer was used to record the lasing spectra.



Wavenumber(cm™)
2105 2083 2062 2041 2020 2000 1980 1961 1942
LN L EC N LR LU LI WL U LS L L WL LB L L S L

T
14 [ 7#mx3 mm 64.3°C_375.0mA_4.1029V (5-“5”—" 1

CcwW 60°C 246.0mA_3.7460V —(5.0652)

o
T
1

55°C_192.0mA_3.5942v [ 021D

—(4.9829) -

S
—_—

.

——(4.94906)

oo
T
1

— (4.9178)

6F———— LA

L Im“'(df,XSSS) 35°C 95.5mA 3.3390V g
+E L 45 30ec 83.0mA 33113V ]
2 [ i 8% 25°C_72.2mA_3.2903V ]
I b “7 20°C_63.5mA_3.2784V ]
0 L | T TR T T N TN T T TR AN SN T S T [N WY TN WY S [T SO WY S W | PR R B S

475 480 485 490 495 500 505 510 515
Wavelength (pum)

Normalized Intensity (a.u.)

FIG. 1. CW lasing spectra for a 7 umx3 mm ICL at various temperatures.

A 7 pmx3 mm ICL lased in CW mode at temperatures up to 64.3°C with a lasing wavelength
near 5.12 um shifted from 4.80 um at 20°C as shown in Fig. 1. The wavelength shift with
temperature was at an initial rate of 5.8 nm/K from 20°C and increased at higher temperatures
especially when it was closer to the maximum CW operating temperature of 64.3°C. The CW
wavelength shifting rate with temperature is higher than pulsed lasing wavelength shifting rate of
4.8 nm/K obtained from a BA device near 300 K, indicating apparent heating generated in CW
operation, which became more significant at higher temperatures. Its maximum CW operating
temperature of 64.3°C is about the same as that of a facet-coated epi-side down mounted 2-mm-
long ICL with a somewhat shorter wavelength near 4.8 um at 64°C reported in Ref. 17 and 23 K
higher than that of a facet-coated epi-side down mounted 2-mm-long ICL with a slightly longer
wavelength near 5.28 um at 41°C reported in Ref. 18. The higher CW operating temperature
achieved can be attributed to the enhanced thermal dissipation with the epi-side down mounting
on a diamond submount and reduced threshold current density. The enhanced thermal dissipation
also helped to reduce the CW threshold current density and improve wall-plug efficiency (WPE).
For example, at 25 °C, its CW threshold current density was 343.8 A/cm?, much lower than the
best value of RT CW Ju ever reported for either GaSb-based or InAs-based ICLs at wavelengths
longer than 4 pm. Its threshold voltage (V) at 25 °C was 3.29 V, corresponding to a threshold
power density (Pu) of 1.13 kW/cm? and a voltage efficiency of 78% that is also the highest among
RT CW ICLs. Consequently, appreciable CW output power was obtained from this ICL device as
shown in Fig. 2 by its current-voltage-light (IVL) characteristics at various temperatures. At 25 °C,
the measured single facet output power reached 31 mW with an input current of 350 mA and was
not saturated yet. It could deliver a higher output power with a larger current. We did not operate
it with larger currents to avoid accidental damage. Nevertheless, the total output power from both
facets was already substantially higher than the best value reported previously for ICLs at similar
wavelengths. The WPE reached a maximum value of 4.64% at 220 mA at 25 °C, which is
appreciable at such a long wavelength for a relatively low power device. Its WPE decreased
gradually with larger currents or at high temperatures due to more heating generated as shown in



Fig. 2. However, even at 60 °C, the device could still have a WPE of 0.37% with a CW output
power of exceeding 2 mW/facet, sufficient for some sensing applications.
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FIG. 2. TVL characteristics (the top panel) and WPE (the bottom panel) for a 7 pmx3 mm uncoated ICL with

epi-side down on a diamond submount at a temperature range from 15 °C to 60 °C operating in CW mode.

To evaluate the device performance on NR ICL dimensions, ICLs with different ridge widths
and cavity lengths were investigated and their CW threshold current densities are plotted in Fig. 3
as a function of temperature together with the pulsed threshold current density of a representative
BA device that was mounted epi-side up on a Cu heat sink. At 25°C, the Ji of a 7 um*2 mm device
1s 17% higher than Ji of a 30 um>2 mm ICL. This difference increased to 20% at 20°C even with
a reduced heating effect shown in the 30 um>2 mm ICL as it had the lowest CW threshold current
density (285 A/cm?) at this temperature (20°C). This indicates the existence of a substantial
sidewall effect, which increased Ji, at least by 20% for the 7-um-wide NR ridge devices compared
to the wider devices. The 30-um-wide NR device had the lowest sidewall effect (~12% extracted
by comparing its CW Ji with the pulsed Ju of the BA device if the cavity length difference is
ignored). However, the 30-um-wide NR device had a stronger Joule heating with relatively high
current and its Ju increased more rapidly with temperature, which limited its maximum CW
operating temperature to 322 K (49°C) as shown in Fig. 3. By comparing Jin between the CW 7
umx2 mm device and the pulsed BA device at 25°C, the increased percentage of Ji was ~41% for
the 7-um-wide device due to additional Joule heating. Hence, considering all the factors discussed
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above, the sidewall effect increased Jin by a percentage between 32% and 41% for the 7-pm-wide
device. This is substantially lower than the 45%-71% [14] (and close to 100% [17-18]) difference
in InAs-based ICLs in the wavelength range of 4.6 to 5.2 pm, but higher than the ~21% for the
best fabricated NR GaSb-based ICLs in the 3-4 um wavelength region [20]. This comparison
suggests substantially improved NR device fabrication obtained in this study and there is still room
for further development.
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FIG. 3. Temperature dependent threshold current density of ICL devices in both CW and pulsed modes with
different device sizes and packaging.
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the highest CW operating temperature for ICLs at similar wavelengths. Also, the threshold current
density of 331 A/cm? is the lowest among RT CW semiconductor lasers at this wavelength,
representing an obvious advancement. With the longer cavity, a larger current could be injected
into the ICL device, possibly to achieve a higher output power. However, to avoid possible
accidental damage, the injection current was limited to 450 mA except at 66°C. So, the output
power was limited to 25 mW/facet as shown in Fig. 4 for its IVL characteristics. But the output
power was far away from saturation at 400 or 450 mA as can be inspected from Fig. 4. Therefore,
an output power exceeding 40 mW/facet at 20°C is viable with a higher current. Alternatively, to
reduce threshold current density and increase output power at a lower current, applying facet
coating to ICLs would be more effective, which will be explored in our future work.

In summary, applying epi-side down mounting and using ICP dry etching, NR InAs-based
ICLs at emission wavelength near 5 pm were demonstrated in CW operation at RT and above. The
RT CW threshold current density of 331 A/cm? is the lowest ever achieved among RT CW
semiconductor lasers at similar wavelengths. The maximum CW operating temperature of 66°C is
also the highest ever demonstrated for ICLs at this wavelength. Our analysis on ICLs with different
dimensions suggests more room available for further advancement.
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