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Abstract: Interband cascade lasers (ICLs) are efficient and compact mid-infrared (3-5 um)
light sources with many applications. By enhancing the coupling coefficient and using a type-I
ICL wafer, single-mode ICLs were demonstrated based on V-coupled cavity with significantly
extended tuning range and with a side mode suppression ratio (SMSR) exceeding 35dB in
continuous wave operation near 3 um. A V-coupled cavity ICL exhibited a wavelength tuning
up to 67 nm at a fixed temperature, and the total tuning range exceeds 210 nm when the heat
sink temperature is adjusted from 80 to 180 K. The realization of single-mode in such a wide
temperature range with a tuning range exceeding 210 nm verified the advantage of V-coupled
cavity ICLs for effective detection of multiple gas species. This is very different from the
conventional distributed feedback (DFB) laser where the single-mode operation is restricted to
a narrow temperature range, in which the match between the gain peak and the DFB grating
period determined wavelength is required. Another V-coupled cavity ICL is tuned over 120 nm
from 2997.56 nm to 3117.50 nm with the heat-sink temperature varied from 210K to 240 K, over
100 K higher than the previously reported maximum operating temperature for V-coupled cavity
ICLs.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Efficient, reliable mid-infrared (IR) semiconductor lasers (wavelength A>3 pm) are needed to meet
the growing demands of many applications such as chemical sensing, food safety, environmental
and greenhouse gas monitoring, detection of pipeline leaks and explosives, medical diagnostics,
and industrial process control. For high-sensitivity sensing applications, single-mode lasers are
typically required, and a wide tuning range is desirable to scan across multiple absorption lines
to absolutely identify signatures of targeted molecules without ambiguity. Usually, distributed
feedback (DFB) gratings are fabricated on semiconductor mid-IR lasers to achieve single-mode
operation [1-4]. However, the tuning range of DFB lasers is typically limited to a few nm, and
the fabrication of DFB gratings requires very precise control of grating periods for matching
the lasing wavelength with the absorption lines of the molecules of interest. Also, the DFB
grating-determined lasing wavelength needs to be close to the material gain spectral peak. These
considerations make it challenging and expensive to fabricate single-mode DFB lasers, especially
without specialized facilities. Alternatively, a semiconductor laser can be placed in an external
cavity to achieve a single-mode output with a wide tuning range. For instance, a tuning range
of 313cm™! (360 nm) from 2789 cm™! to 3102cm™! (3.22 to 3.58 um) was demonstrated with
a 5Spm-wide, 1.5 mm-long gain chip [5]. However, the extra mechanical parts outside of the
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laser chip make the system less compact and not compatible with integrated photonics circuits.
Therefore, it is important and necessary to develop widely tunable single-mode mid-IR lasers
without employing a DFB grating or an external cavity, in order to reduce system cost and enable
a wide range of applications.

Recently, a V-coupled-cavity laser (VCCL) with a half-wave coupler has been proposed and
investigated using the InP/InGaAs material system for operation in the near-infrared region [6—12].
The VCCL offers a new solution to the challenge of widely tuning a single-mode laser. It has
been successfully implemented at near-IR telecommunication wavelengths with the advantage of
no grating, no epitaxial regrowth, compactness, and easy wavelength control. The development
of mid-IR semiconductor lasers is much more challenging, and its technology level is far behind
near-IR diode lasers, but the advantages of the VCCL implementation would greatly advance
single-mode mid-IR tunable lasers for meeting more application requirements.

Among the various mid-IR semiconductor lasers, interband cascade lasers (ICLs) [13] have
emerged as superior performers and the most efficient in terms of low power consumption at
room temperature (RT) [14—-18] in the wavelength range from 3 to 6 um. ICLs have also been
demonstrated at wavelengths beyond 14 um [19]. Hence, it would be highly beneficial to combine
the ICL structure with the VCCL device implementation for mid-IR applications. Initial efforts to
combine the ICL with a half-wave V-coupled cavity structure demonstrated single-mode operation
with a tuning range of 60 nm near 2.9 um [20]. Subsequently, with a double-ridge waveguide
configuration, a single-mode tunable ICL was demonstrated with a side-mode suppression ratio
(SMSR) as high as 35.7 dB and a tuning range exceeding 100 nm near 3.4 pm [21]. However, the
operation was limited to low temperatures (<140 K) and the single mode was achieved only in a
narrow temperature range (<20 K). Hence, V-coupled cavity ICLs have yet to achieve their full
tuning potential with a single mode operation over a wide temperature range.

In this work, we report the single-mode operation of a double-ridge V-coupled cavity ICL over
a wide temperature range from 80 to 180 K with a tuning range exceeding 210 nm near 3 pm,
validating, for the first time, the advantage that the VCCL is not limited to a narrow temperature
range for single-mode emission in contrast to a conventional DFB laser where the single-mode
operation is restricted to a narrow temperature range, and the gain peak needs to match the DFB
grating period-determined wavelength. In addition, we report a single-mode V-coupled cavity
ICL with a tuning range of nearly 120 nm operating in the temperature range of 210K to 240 K.
The operating temperature of 240 K is 100 K higher than the previously reported maximum
operating temperature for V-coupled cavity ICLs.

2. Experimental
2.1. ICL material

The ICL wafer V1080 used in this work is a type-I1 ICL structure based on a Gag 45Ing 55 Asp.22Sbg 78
QW active region, which is similar to what was described in Ref. [22] and was grown on a
n-type GaSb substrate by solid source molecular beam epitaxy in a custom V90 system. This
type-I ICL structure comprises 6 cascade stages, sandwiched by two GaSb separate confinement
layers (SCL) and the InAs/AISb superlattice (SL) cladding layers, as shown in Fig. 1. A piece of
this wafer was previously processed into broad-area (BA) laser devices. A 100-um-wide and
2-mm-long BA device was able to lase in continuous wave (CW) mode to 240K and to 365K in
pulsed mode. In CW mode, the laser wavelength was 3.1 um at 240 K with a threshold current
density Jy, of 150 A/cm? and voltage V¢, of 3.75 V. At 300K in pulsed operation, the Jy, of this
BA device was about 268 A/cm? with a Vy, of 4.16 V at a lasing wavelength A of 3.17 um. Hence,
according to the threshold characteristics exhibited by the BA device, narrow-ridge devices that
can be made from wafer V1080 should be able to lase in CW mode at room temperature [22] if
the fabrication and thermal manage management are appropriate.
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Fig. 1. Schematic drawing of the ICL layer structure.

2.2. VCCL structures

In this work, VCCLs with two different waveguide configurations are investigated using the type-I
ICL wafer with demonstrated efficient FP laser performance. The first configuration is based
on the traditional deep-etched waveguide, as shown in Fig. 2. Both the charge carriers and the
photons are laterally confined by the deeply etched sidewalls of the waveguide. Their interactions
are more efficient due to well-overlapped distributions. However, the optical scattering loss is
high due to sidewall roughness. The second configuration is based on the double-ridge structure
as shown in Fig. 3. The photons are confined by the shallow-etched ridge waveguide which
can significantly reduce the scattering loss, while the charge carriers are confined by the wider
deeply etched mesa. The separate, deeply-etched extra confinement is necessary because the
charge carriers are highly diffusive in ICLs. The double-ridge waveguide structure can mitigate
substantial current leakage through side walls and light scattering loss caused by the narrow
deep-etched ridge [21,23]. In both configurations, the VCCL consists of two Fabry-Perot (FP)
cavities of different lengths, connected through a half-wave coupler. The detailed working
principle of the VCCL is described in Ref. [6]. Single longitudinal mode operation can be
obtained due to the mode selection characteristic of the coupler, and the laser can be tuned in a
wide range through the Vernier effect due to the slight length difference of the two FP cavities.
A temperature-induced gain spectrum shift can be employed in combination with the Vernier
tuning mechanism to extend the wavelength tuning range beyond the free spectral range (FSR)
limit. Three deep-etched facets are used as the cavity mirrors. The half-wave coupler consists of
a non-imaging multimode interference (MMI) structure with an optimal coupling coefficient to
ensure high SMSR. The optimal condition was achieved by judiciously choosing the coupler
length, Lc, and the gap, w, between the two FP cavities, so that a certain bar-coupling coefficient
and cross-coupling coefficient with a phase difference of = is obtained. More details can be
found in Ref. [6]. The V-cavity structure has moderate tolerances for the parameters. Generally,
about 10% variations of those parameters from the optimal operating point do not affect the
performance significantly. Three electrodes were deposited on the top surface, covering the ridge
waveguides. The current Ic to the common electrode (coupler cavity) and Ig to the fixed gain
electrode (short cavity) on the coupler provide stable gain while current Iy, to the channel selector
electrode (long cavity) is used for wavelength tuning.

2.3. Fabrication

The same ICL wafer was used in all device fabrication without epitaxial regrowth. A standard
fabrication process for ridge waveguide Fabry-Perot lasers was used with a single deep-etch or
the combination of a shallow and a deep etch, for the above two configurations, respectively.
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Fig. 2. The schematic drawings of the V-coupled cavity ICLs with deep-etched waveguide
configuration. (a) 3-dimensional top view; (b) Cross-sectional view of the waveguide.
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Fig. 3. The schematic drawings of the V-coupled cavity ICLs with double-ridge waveguide
configuration. (a) 3-dimensional top view; (b) Cross-sectional view of the waveguide.

In the case of the double-ridge configuration, an additional deep-etching step was used for the
etched facets. The chip size is only about 1000 pm long and 500 um wide.

The isolation slots were defined by standard contact photolithography followed by wet etching
down through the InAs contact layer. A 150 nm-thick Ti/Pt/Au layer was then deposited before the
ridge etching to avoid the destruction of the InAs layer during the etching of the top via window.
A 550-nm-thick SiO, film was deposited with plasma-enhanced chemical vapor deposition for
passivation and electrical insulation. After the hard mask was opened using a fluorine-based dry
etch, the waveguide pattern was transferred to the ICL sample using a BClz-Ar dry etch. For the
double-ridge devices, the etch depth of the shallow-etched waveguide is targeted at the interface
between the InAs/AlSb SL cladding layer and the GaSb SCL. Due to the lack of high selectivity
between the two layers with our dry etching, we can only indirectly ensure that the etching is
within the appropriate range by carefully controlling the etching time, which is largely influenced
by the state of the instrument. This can be improved by developing more selective dry or wet
etching techniques. Three deeply-etched facets were used as the cavity mirrors. For deeply-etched
devices, the waveguide was etched down through the active region to the bottom GaSb SCL to
limit the lateral current diffusion and its depth is not as sensitive as shallow etched waveguides.
Also, the etching of the waveguide and end-facet are achieved in the same photolithography step,
which simplifies the process of the double-ridge waveguide devices.

A contact window was opened on the top of the ridge. Subsequently, a Ti-Pt-Au layer was
sputtered to form the electrode pads via a lift-off process. The GaSb substrate was then thinned to
150 um and polished for n-contact formation on the backside. After rapid annealing at 350 °C for
1 min, the wafers were cleaved into laser bars of the desired cavity length. For characterization,
the laser bars were mounted epi-side up on copper heat sinks through In-Au alloying.
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3. Results and discussion

An Integrating Sphere Photodiode HgCdTe (MCT) power sensor from Thorlabs was used to
measure the output optical power, which was corrected by the ~10% transmission loss of the
optical CaF; cryostat window. The beam divergence loss was not included. Hence, the reported
output power of the devices is conservative. The emission spectra were acquired by a Bruker
Vertex 70 Fourier transform IR (FTIR) spectrometer with a spectral resolution of 0.3 cm™!
(~0.3 nm at 3 ym). Figure 4 shows the voltage-current and power-current characteristics of the
laser beam from the facet of the long cavity in CW operation. In the experiment, with the fixed
long cavity current I}, of 30 mA and the short cavity current Ig of 30 mA, the output power
increased with the coupler current Ic. The 6-um-wide shallow ridge (21-um-wide deep ridge)
and 1-mm-long device A with a double-ridge waveguide can reach 3 mW at 80 K and lased up
to 200 K. The Joule heating in the laser was substantial at temperatures higher than 160K as
its output power started substantial bending at a relatively low current as shown in Fig. 4. The
8-um-wide and 1-mm-long device B with a deep-etched waveguide exhibited the higher output
power, reaching 12 mW at 160 K and can operate continuously up to 250 K, at which the detected
output power exceeded 0.5 mW without accounting for beam divergence loss. Compared to the
previous V-coupled cavity ICLs operating at a maximum temperature of 140 K (Reference 20),
there has been a significant improvement.
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Fig. 4. The CW voltage- and power-current characteristics of the V-coupled cavity ICL with
(a) double-ridge and (b) deep-etched waveguide at various temperatures (with an interval of
10K) with I}, =30 mA and Is =30 mA.

Figure 5 shows temperature dependent threshold current densities for the VCCLs and a BA
FP laser operated in CW mode, along with two devices fabricated previously from Refs. [20]
and [21]. The wet-etched 100-pm-wide, 2 mm-long BA laser devices could lase at temperatures
up to 240 K with a threshold current density (voltage) ranging from ~3.45 A/cm? (3.94 V) at
80K to 150 A/cm? (3.75 V) at 240 K, covering a wavelength range from ~2.8 to 3.1 um. For
the deeply-etched waveguide structure (device B), the threshold current density was 42.6 A/cm?
at 80K and increased to 408.5 A/cm? at 240 K. At 120K, its threshold current density was
60.9 A/cm?, almost one-seventh of the value (~396 A/cm?) for an initial deep-etched V-coupled
cavity ICL at the same temperature in Ref. [20]. For the double ridge structure, there is no
substantial improvement in device A compared to the device in Ref. [21], except an increase
in maximum operating temperature from 150K to 200 K. Also, the observed J was much
higher in double-ridge structure compared the deep-etched devices this time, although Jg, of
the double-ridge device should in principle be lower. Because of the higher Jy;,, the operating
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temperature of the double-ridge device was lower. Considering that references 20 and 21 use an
old type-II ICL wafer while devices A and B were made from an improved type-I ICL wafer, it is
expected that device A with the double ridge structure should have better performance similar to
the significant improvement exhibited by device B. The lower performance than expected might
be caused by possibly large variations in device fabrication for device A. Overall, the devices
produced from the type-I ICL wafer exhibited significant performance improvements in terms of
the much higher operating temperature and increased output power. The differences in maximum
operating temperature and threshold current density were mainly attributed to likely variations
of device fabrication and imperfect chip mounting, which also affected the CW output power.
Hence there is significant room for improvement in term of device fabrication and enhanced
thermal management such as electroplating thick gold.
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Fig. 5. Comparison of the CW threshold current densities for V-coupled cavity and broad
area FP ICLs.

By varying the current I injected into the channel selector cavity and the temperature, a
210 nm consecutive wavelength tuning is obtained. Figure 6(a) shows the overlapped emission
spectra of the device A. The device with a double-ridge waveguide can be tuned from 2988.45 nm
to 3055.47 nm at a fixed temperature of 180 K, with a channel spacing of approximately 1.455 nm.
To further extend the tuning range, we changed the temperature in six steps at 80 K, 100K, 120K,
140K, 160K, and 180 K, and obtained consecutive wavelength tuning of 25.04 nm, 28.34 nm,
35.29 nm, 42.87 nm, 49.21 nm and 67.02 nm, respectively, for a total of 210 nm. As predicted by
the Vernier principle, when only the injection current of the long-cavity electrode increases, the
lasing wavelength tunes towards a longer wavelength.

It is worthwhile to point out that the temperature induced wavelength tuning is about 0.3 nm/°C
[2] for grating based tunable lasers due to refractive index variation. For a temperature variation
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Fig. 6. CW emission spectra of a V-coupled cavity ICL of (a) double-ridge and (b)
deep-etched waveguide.

of 100K, the wavelength tuning range is only about 30 nm based on a DFB grating. The
temperature-induced tuning range extension in the V-cavity laser is 7 times more sensitive by
using the mechanism of the gain spectrum shift. The single-mode emission of a DFB laser could
not be maintained as the gain spectral range shifts away from the DFB characteristic wavelength
with temperature. The advantage of VCCL is that it can operate within any periodic FSR without
the characteristic wavelength determined by the grating, and therefore they can operate in a
single mode over a large temperature range. The maximum operating temperature range of the
VCCL previously reported was 10 °C-45 °C with 50 channels (~40 nm) at telecommunication
wavelengths [8]. The current experimental results extend the single-mode temperature tuning
range to 100 K, further demonstrating the important advantage of the V-cavity lasers.

Figure 6(b) shows the overlapped emission spectra of the device B (coupler length L =88
um, gap w = 2.2 um) with a deep-etched waveguide. The wavelength of the main mode is tuned
over 120 nm from 2997.56 nm to 3117.50 nm with the heat-sink temperature varied from 210 K
to 240 K. The channel spacing is about 1.24 nm at 210K and slightly changes to 1.32nm as
the temperature increases to 240 K. The tuning ranges are 17.31 nm, 39.59 nm, 46.61 nm, and
48.88 nm at temperatures of 210K, 220K, 230K, and 240 K, respectively. Another deep etched
device (coupler length Lc =76 um, gap w = 2.1 um) achieved single mode tuning from 2977.2 nm
at 205 K over 139 nm to 3116.63 nm at 235 K, in which the tuning range at a fix temperature of
205 K was 69.19 nm. These operating temperatures were much higher than the highest operating
temperature reported previously for V-coupled cavity single-mode tunable ICL, which was 140 K
[21]. The operating temperature of 240 K allows the V-coupled cavity ICLs to work outside the
liquid nitrogen environment with a thermal-electric cooler (TEC). The significant improvement
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also suggests the possibility of operating the V-coupled cavity ICLs at room temperature and
above with a further improved ICL wafer design and device fabrication. Table 1 presents the
overall parameters and performance of the two devices.

Table 1. Structure Parameters and Achieved Performance

Parameters Device A Device B
Shallow-etched waveguide width 6.0 um /
Deep-etched waveguide width 21.0 ym 8.0 um
Coupler length / gap 62um /4.9 ym 88um /2.2 um

Short-cavity / long-cavity length 1.0 mm/ 1.05 mm 1.0 mm/ 1.05 mm

Output power 3mW(80K) to 0.5 mW (200 K) 12mW(160K) to 0.5 mW (250 K)

Threshold current densities /A/cm? 228.1 (80K) to 404.5 (200 K) 42.6(80K) to 676.8 (250 K)
Tunning range 2845.48 nm to 3055.47 nm 2997.56nm to 3117.50 nm

Figures 7 shows the wavelength of the lasing mode and corresponding SMSR of the two
devices at different temperatures as a function of the tuning current Iy, on the channel selector
electrode. The current on the channel selector electrode of device A was tuned from 17 mA to
62 mA, while the temperature ranged from 80 K to 180 K, as shown in Fig. 7(a). Further increase
of the temperature did not improve much the tuning range but degraded the laser performance in
terms of both output power and SMSR. This could be attributed to the degradation of quantum
efficiency and gain spectrum of the QW at high temperatures.
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Fig. 7. The CW wavelength tuning and the corresponding SMSR against current Iy of
double-ridge waveguide (a) and deep-etched waveguide (b) at different temperatures with
various values of I¢ and Ig.

It can also be seen that most SMSRs range from 25 dB to 35 dB. The variation was mainly due
to inaccurate manual current setting in our experiment with respect to optimal values. The long
cavity electrode selects the wavelength channel by changing the current injected into the long
cavity. The short cavity electrode is used to provide fixed gain and auxiliary tuning. By adjusting
the injection current of the long cavity I;,, wavelength tuning was achieved under different Ig
and I¢. For edge channels at each temperature, the SMSR is determined by the highest mode
at approximately one FSR away from the main mode. It can be envisaged that by smoothly
tuning the temperature in synchronization with the tuning current on the channel selector cavity,
a continuous staircase tuning curve and improved SMSR can be achieved with elimination of the
edge channels at each temperature.
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4. Summary

In summary, significant progress in single-mode tunable ICLs was achieved based on V-coupled
cavity configuration by using a type-I ICL wafer. Promising results were obtained for devices
of different structural parameters, indicating the inclusivity of the V-coupled cavity designs.
By adjusting the injection current and operating temperature, the wavelength tuning range
reached 210 nm near an emission wavelength of 3 um for the double-ridge waveguide, which
verified the inherent advantage of the V-coupled cavity for tunable single-mode operation as
compared with a conventional DFB laser. At a fixed temperature, single-electrode-controlled
consecutive wavelength tuning of 67 nm was achieved. For the deep-etched waveguide, the
tunable single-mode operating temperature of 240 K is over 100 K higher than the operating
temperature of V-coupled cavity ICLs previously reported. This suggests the feasibility to achieve
V-coupled cavity ICLs at room temperature in CW operation with the state-of-the-art ICL wafers
once the device fabrication is improved. The SMSRs are all mostly above 25 dB and can be as
high as 35.3 dB. The laser structure does not involve any grating or epitaxial regrowth, and has
a size of only 1000 um x 500 um. Undoubtedly, there is still room for further improvement in
the device performance of the monolithic integrated V-coupled cavity ICL. The advantages of
compactness and easy wavelength control offer great potential for this type of tunable single-mode
ICLs to be used in many applications such as gas sensing, industrial processing control, free
space communications, medical diagnostics, and greenhouse gas monitoring.
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