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Abstract. We report the first implementation of an advanced waveguide structure, consisting of GaSb separate
confinement layers, n-doped InAs/AlSb superlattice intermediate cladding layers, and n*-doped InAso.91Sbo.oo
plasmon-enhanced cladding layers for GaSb-based interband cascade lasers (ICLs) with lasing wavelengths in the 3-
4 pm wavelength region. This advanced waveguide configuration for ICLs can have improved thermal dissipation
and enhanced optical confinement. Although the grown ICL wafers had significant layer thickness deviations from
the designed values, devices made from them exhibited room temperature (RT) threshold current densities as low as
148 A/cm? and high voltage efficiencies (e.g., 69%), implying a considerable potential of the advanced waveguide
configuration for further improved device performance. A comparative study among the devices revealed how the
structural variations could affect the carrier transport and threshold voltage, providing useful guidance for future
research. Additionally, the ICLs tested here had characteristic temperatures of nearly 60 K, which is the highest among
RT ICLs with similar lasing wavelengths, supporting the further development of the advanced waveguide in GaSb-
based ICLs operating in this wavelength range.
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1 Introduction

Interband cascade lasers (ICLs) [1] based on a type-1I quantum well (QW) active region have
attracted much interest over the years, in large part due to their low power consumption. Their
operation hinges on two key features: interband transitions in type-II quantum wells and a cascade
configuration, which enhances the total gain (per current density) [1-5] and was first developed
for quantum cascade lasers (QCLs) [6]. However, the ICL stands apart from the QCL in that its
interband transition nature makes it immune to phonon scattering, a key loss mechanism for the
QCL, which allows the ICL to lase with a much lower threshold current density (Ji). These
features of the ICL are ideal for a host of practical applications in the mid-infrared (MIR) including
gas/chemical sensing, imaging, industrial process control, and free-space optical communication
[7-11]. The GaSb-based ICLs have demonstrated efficient room temperature (RT) operation in the
3-6 um range but exhibited performance below their InAs-based counterparts beyond 6 pm due
partially to limited effort and the difficulties associated with the waveguide traditionally used [4-
5,12-13]. The typical waveguide used in a GaSb-based ICL consists of two Te-doped GaSb
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separate confinement layers (SCLs) surrounding the cascade active region, wrapped by two n-type
doped InAs/AlSb superlattice (SL) cladding layers, which have a low thermal conductivity and a
small contrast in refractive index with the cascade region. On the other hand, the InAs-based ICLs
have utilized a heavily n"-type doped InAs plasmon-enhanced cladding layer, instead of the
InAs/AISb SL, to improve the optical confinement and the overall thermal conductivity of the
device [14-17], resulting in the wavelength coverage of ICLs extending to 11.2 um. For InAs-
based ICLs operating near 4.6 um, it was later shown that an advanced waveguide structure
utilizing hybrid cladding layers, which combines a relatively thin InAs/AlSb SL intermediate (Int.)
cladding layer with the n'-type doped InAs plasmon cladding, enabled enhanced device
performance by reducing the free-carrier loss and yielding improved optical confinement within
the cascade active region [18]. This advanced waveguide was later shown to improve performance
in long wavelength InAs-based ICLs emitting between 10-13 um [19-20] and was also explored
in GaSb-based ICLs operating between 3.8 and 6.1 um [21-22] where the plasmon-enhanced
cladding layer in the latter is composed of n*-type doped InAso.91Sbo.o9. Here we report a study of
several GaSb-based ICLs which incorporate this advanced waveguide structure [23] and emit in
the 3-4 um wavelength region. Despite structural deviations originating from the MBE growth, the
continuous wave (cw) and pulsed performance of these broad area (BA) ICLs display similar
performance to, and in some cases exceed, that of other GaSb-based ICLs which utilize the
conventional waveguide and emit near a similar wavelength. Furthermore, a performance
comparison between them shows the important impact of smooth carrier transport on the voltage

efficiency.

2 Design, Growth, and Fabrication

Three wafers (Y082L, YO086L, and YO87L) were grown as a series of GaSb-based ICLs with
designs employing the advanced waveguide structure. Some preliminary results of ICLs made
from wafer YO82L were reported in the SPIE Conference Proceedings [23]. Since those results are
part of a series of experiments on related structures, they are included for comparison and
completeness in this work. All three ICL wafers have 6 cascade stages (N¢) where each W-QW
active  region  consists of a nominally identical layer  sequence  of
AlSb/InAs/Gao ¢Ino 4Sb/InAs/AlSb, with layer thicknesses of 25/16.5/28/14/12 A in the growth
direction, for a targeted lasing wavelength near 3.3 um at RT. The ICL wafers had GaSb SCLs



doped with Te to a level of 2.7 x 10'7 cm™, each with a thickness of 2100 A. The ICL wafers
included 1 pm thick (bottom) and 0.7 pum thick (top) n"-doped InAso91Sbo.oo plasmon cladding
layers with a doping level of 3.2 x 10" cm™ and 0.75 pm (bottom and top) n-doped (1.5 x 10"
cm™) InAs/AISb SL Int. cladding layers. The ICL wafers YOS82L and Y086L share an identical
design, while in YO87L, the thickness of the GaSb layers in the hole injector were increased by
~10% to widen the interband tunneling window for smooth carrier transport at a given voltage.
The overall structure design is shown in Fig. 1a which includes thin InAs/AISb connection regions
between the main waveguide functional segments.

The ICL wafers were grown by molecular beam epitaxy (MBE) using a Veeco GENxplor with
As and Sb supplied by valved cracking sources. The crystalline quality of the grown ICL wafers
was assessed using x-ray diffraction (XRD) and the surface morphology was characterized by
differential-interference-contrast microscopy (DIC). From the DIC images, typical oval hillock
defects were observed — common to III-V ICL growth, but with little background surface
roughness. The average surface defect density of these ICL wafers ranged from 1.0 x 103 to 1.4 x
10* cm™ which are within acceptable limits for reasonable device performance. A representative
XRD pattern from symmetric w-260 scans normal to the (004) plane is shown in Fig. 1b. In YO82L,
an average tensile strain for the InAs/AISb SL Int. cladding of 0.13% in the growth direction
(biaxial compressive strain) was observed, while both YO86L and YO87L had an average tensile
strain of 0.045%, indicating a slightly superior crystal quality. From analysis of the XRD
measurements, deviations from the intended design were observed. The MBE growth deviations
mainly affected the thicknesses of the cascade active region and the InAs/AISb SL Int. cladding
layers. In YO82L, the cascade active region and the SL Int. cladding layers were approximately
14.5% and 9.6% thinner than expected. Conversely, in YO86L and YO87L these layers showed
deviations in the opposite direction and were about 13.4% and 16.9% thicker than intended. Table
I lists the structural differences as well as performance features of the corresponding broad-area
devices at 300 K, along with their respective maximum cw operating temperatures Tcwmax.

Table I. summary of layer thickness variations and device performance features at 300K

wafer | Thickness variations | Pulsed Pulsed Jin Pulsed Vin | 7y (%) | Tewmax
SL cascade | A (um) (A/ecm?) (V) (K)
YO082L -9.6% -14.5% | 3.285 179 5.31 42.6 242
YO086L | 16.22% | 13.38% | 3.824 154 3.02 64.4 260
YO87L | 17.50% | 13.40% | 3.812 148 3.24 60.2 260




The potential impact that these structural differences can have on the measured electrical and
optical properties such as threshold voltage Vi, voltage efficiency 7, and emission wavelength A
will be presented and discussed later in detail. First, we will evaluate the impact on the optical
confinement factor in the cascade active region (I') and the internal loss due to free-carrier
absorption (0;) based on waveguide simulations. Fig. 2 shows the calculated optical modal profile
and refractive index for these ICL wafers based on the intended design parameters, with a targeted
emission wavelength of A = 3.30 um, which result in I' = 21.4% and o; = 5.13 cm™.. Thus, the
required threshold gain g due to the free-carrier absorption without other possible losses is 42.5
cm’! for a 3-mm-long cavity ICL. In Y082L, both the SL cladding and the cascade active region
are thinner than designed, leading to a decrease in the optical confinement to I' = 19.1% at a
wavelength of A = 3.30 um, as shown in Fig. 3 (red). The simulation also suggests an increase in
both the free-carrier loss and the required threshold gain to 5.83 cm™ and 51 cm™, respectively.
This is because the thinner SL intermediate cladding layer allows more of the optical wave to leak
into the plasmon cladding layer, resulting in an increase in the free-carrier absorption, while the
thinner cascade active region results in a smaller overlap between the optical field and the cascade
active region, which reduces the optical confinement. On the other hand, for YO86L, the
experimentally observed lasing wavelength of 3.824 um at 300 K is significantly longer than the
targeted wavelength, which needs to be adopted in the simulation (Fig. 3 green). The thicker SL
cladding and cascade active regions lead to an increase in I' = 22%, but the red-shifted wavelength
causes an increase in o =6.52 cm’!. Combining the two factors, the threshold gain gm would
increase to 48 cm! for YO86L, which is slightly lower than that for Y0O82L. The waveguide
simulation results for YO87L are similar to those of YO86L. Hence, based on the waveguide
simulation, the threshold current density at 300 K in devices made from Y086/87L should be
slightly lower than that in devices made from wafer YO082L.

To investigate the effects of these growth deviations and evaluate how the devices perform in
comparison with each other and to the waveguide simulations, the grown ICL wafers were
fabricated into devices with 100-um-wide (e.g., YO82LBA1-3F, YOS6LBA1-1H, YO86LBA1-2A,
YO086LBAI1-2B and YO87LBA1-1H) and 150-um-wide (e.g., YO82LBA1-3H, YO86LBAI-1F,
YO086LBAI1-2C, YO86LBA1-2D, and YO87LBA1-1F) broad area (BA) mesas using standard UV
contact photolithography and wet chemical etching. The wafers were left unthinned and cleaved

into approximately 2-mm-long (YO86LBAI1-2A, YO086LBA1-2B, YO086LBAI1-2C, and

4



YO086LBA1-2D) and 3-mm-long (all other devices) laser bars without facet coatings, which were

mounted epi-side up on copper heat sinks for testing.

3 Performance of ICL Devices

Despite the growth deviations previously discussed, BA devices from all three ICL wafers
lased in both cw and pulsed modes with reasonable threshold current densities as depicted in Fig.
4. These values are comparable to the those of state-of-the-art ICLs at similar wavelengths and
will be discussed in detail below. However, at temperatures below 330 K, the threshold voltages
for devices from wafer YO82L were noticeably higher (Fig. 4) than those from the other two ICL
wafers, leading to relatively low voltage efficiencies, such as 42.6% at 300 K for example (Table
I). This implies that the reduction of layer thicknesses associated with the growth deviations in
wafer YO82L seriously affected energy level alignments across the QWs and thus rendered the
carrier transport less smooth than designed. On the other hand, the unintentional increase of layer
thicknesses in wafers Y086/87L did not significantly affect the carrier transport, as reflected in
Fig. 4 by the low threshold voltages and reasonable voltage efficiencies (e.g., 64% at 300 K in
Table I). Nevertheless, due to the growth deviations, the emission wavelengths for these ICL
devices exhibited some considerable differences from the expected design as shown in Fig. 5. The
ICLs from wafer YO82L spanned a wavelength range from 2.9 to 3.4 um when the temperature
was varied from 80 to 370 K, while ICLs from wafers Y086/87L spanned a wavelength range from
3.35 to 3.92 um under a similar temperature variation. At room temperature their pulsed lasing
wavelengths were about 3.28 um and 3.82 um for devices from YO82L and YO086/87L,
respectively. In the temperature range from 80 to 300 K, the threshold current density and voltage
were substantially lower in ICLs from wafers Y086/87L compared to wafer YO82L, which resulted
in about a 20 K higher maximum cw operating temperature for wafers Y086/87L as shown in Fig.
4 and Table 1. The lower Ji at 300 K in devices from wafers Y086/87L is qualitatively consistent
with the slightly lower threshold gain based on the simulation results in Fig. 3. Detailed
characteristics for representative devices from each of the ICL wafers will be presented and

discussed in the following subsections.



3.1  YO082L Performance

In cw mode, a representative 100-um-wide device from the first ICL wafer, YO82LBA1-3F, lased
at 80 K with an emission wavelength of A =2.89 um, a Js = 10.5 A/cm?, and a Vin = 7.4 V. The
corresponding voltage efficiency of 35% is relatively low, indicating a problem related to the
carrier transport. YO82LBA1-3F continued to operate up to 242 K in cw mode, with an emission
wavelength of A = 3.25 pm and a Jn of 165 A/cm®. A representative 150-um-wide device,
YO082LBA1-3H, exhibited similar 80 K performance and operated up to a maximum cw
temperature of 225 K with an emission wavelength of A = 3.21 pm and a Ju of 106.9 A/cm?. The
cw operating temperature difference between the two devices is due to the increased thermal load
in device H, which requires a higher injection current to achieve lasing due to the wider laser ridge.
The difference in thermal load is reflected by the difference in the specific thermal resistance
values of 72.1 and 80.7 Kem?/kW. Fig. 6 shows a representative plot of the cw current-voltage-
light (IVL) characteristics for YO82LBA1-3F. YO82LBA1-3F reached a source-limited cw output
power at 80 K of 121.5 mW/facet at an injection current of 500 mA with an extracted external
quantum efficiency (EQE) of 131%, indicating the cascaded emission of photons in the ICL, and
dropped to 27% at 240 K with a cw output power of 4.4 mW/facet. YO82LBA1-3H showed similar
performance, with a source-limited cw output power at 80 K of 116 mW/facet and a corresponding
EQE of 147%, dropping to 32% at 225 K with a cw output power of 1.9 mW/facet.

In pulsed operation, (5kHz repetition rate and 1 ps pulse width) the YO82LBA1-3F and
YO082LBA1-3H devices were able to lase up to 370 K with a Js, = 773 A/cm? and 360 K with a Ji
= 600 A/cm?, respectively, with the temperature dependent pulsed spectra for YO82LBA1-3F
shown in Figure 7. Another device with a 1.5 mm cavity length and a 100 um wide ridge,
YO082BAI1-1C, was operated up to 390 K and was then damaged with the high pulsed current.
YO082LBAT1-3F lased in pulsed mode at RT with an emission wavelength of A = 3.28 um and a Ju
= 181 A/cm?, while YO82LBA1-3H lased at a similar wavelength with a Js = 177 A/cm?. These
Jin values are somewhat similar to a 5-stage GaSb-based ICL which utilized the traditional
waveguide and exhibited RT lasing at A = 3.6 um with a Js = 134 A/cm?[24]. As ref. [24] points
out, the threshold tends to increase at even shorter wavelengths, rising above 200 A/cm? for devices
emitting below 3.1 um. However, the threshold voltages from devices made from YO082L were
relatively high (>5 V) with low voltage efficiencies as illustrated in Figs. 4 and 6, as well as in

Table I, suggesting unsmooth carrier transport. This might be caused by the substantial reductions
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in layer thicknesses from the intended design, which could narrow the interband tunneling window
between the electron and hole injectors [2, 25] and consequently would require a higher voltage to
open and widen the tunneling window. Nevertheless, these ICLs were able to lase in pulsed mode
at high temperatures (up to 390 K) with characteristic temperature (T,) values in pulsed mode of
59.5 K and 58.0 K in the temperature range of 200-360 K, respectively, which is higher than
previously reported values (To~45-55 K) from early RT ICLs [5,12] with similar lasing

wavelengths.

3.2 YO86L Performance

Devices from ICL wafer YO86L have thicker layers in both the cascade active region and the
InAs/AlSb SL Int. cladding layers, compared to the intended designed, as previously discussed in
Section 2. In cw mode, representative devices from the second ICL wafer, YO86LBA1-1H (100-
pm-wide) and YOS6LBAI1-1F (150-um-wide), lased at 80 K with emission wavelengths of A =
3.36 and 3.37 um, respectively where the small difference in wavelength was due to the possible
non-uniformity of material and different sizes of the two devices. They had similar threshold
current densities of Ju = 7 and 6.9 A/cm?, about 30% lower than those from Y082L, indicating a
reduced Shockley-Read-Hall (SRH) recombination that is consistent with the lower defect density
observed in this wafer. The emission wavelength at 80 K was longer than the intended RT design
of 3.30 um, which is qualitatively in agreement with the observed thickness increases according
to the XRD measurements discussed in Section 2. These devices had reduced threshold voltage
values of Vi = 3.25 (corresponding to a 7y of 68%) and 3.59 V, respectively, about a 50%
reduction compared to devices from Y082L, implying that the carrier transport was improved. The
2-mm-long cavity length devices from this ICL wafer (YO86LBA1-2B and Y086LBA1-2C)
operated up to 260 K and 250 K, respectively, in cw mode with emission wavelengths of A=3.772
and 3.767 um, Js = 152.5 and 103.3 A/cm?, and Vi = 3.12 and 3.01 V, respectively. Fig. 8 shows
the cw current-voltage-light (IVL) characteristics of YO86LBA1-2B, which is a representative
device among the many devices tested and listed in Fig. 4. YO86LBA1-2B reached a peak EQE at
80 K of 210%, which subsequently decreased with increased heat-sink temperature to 42% at its
maximum cw operating temperature. The device could be operated in cw mode at a few degrees

higher than 260 K according to its threshold characteristics in Fig. 8, but was not pushed to the



higher temperature in order to avoid possible accidental damage. Other devices from Y086L
showed similar performance. The differences in the measured EQE and maximum cw operating
temperature for devices from YO86L and YO82L are qualitatively consistent with the substantially
reduced threshold current density and lower threshold voltage with improved carrier transport for

devices from YO86L as shown in Fig. 4.

In pulsed operation, (SkHz repetition rate and 1 ps pulse width) the YO86LBA1-1H and
YO086LBAI-1F devices were able to lase up to 360 K and 340 K. The results from YO86LBA1-1H
shown in Fig. 9, are also representative of the other devices tested. At their maximum operating
temperature, these devices had emission wavelengths of 3.90 and 3.89 um, and threshold current
densities of Js = 771.3 and 443.8 A/cm?, respectively. At RT, these devices lased at 3.82 um with
nearly equal threshold current densities of Jn = 154.7 and 153.8 A/cm?, respectively, about 23
A/cm? lower than for devices from wafer YO82L. This emission wavelength at RT was red-shifted
somewhat severely, by about 0.5 pm from the intended design value of 3.30 um due to the growth
deviations. Their Vg, values of 3.02 and 3.06 V, respectively, lead to voltage efficiencies of about
64.4% and 63.6%, which is more than 20% higher compared to devices from YO82L but less than
that of around 70% observed in BA GaSb-based ICLs with the traditional waveguide operating at
A =3.6 um at RT[26]. This indicates that there may be somewhat unsmooth carrier transport in the
ICLs presented here, which would be reflective of the deviations in the growth and imperfect metal
contact. However, in the ICLs from Ref. [26], techniques to enhance the thermal management of
the ICLs such as thinned substrates and reduced duty cycles were implemented. The pulsed
operation of YOS86LBA1-1H and YO86LBA1-1F could be extended to slightly higher temperatures
by decreasing the duty cycle, as expected from observable heating effects with high current pulses
at the 0.5% duty cycle. By using pulsed current injection at a duty cycle of 0.1% the two BA ICLs
were operated up to 380 K and 370 K, respectively.

The devices from ICL wafer YO86L had T, values that ranged from 46.5-48.9 K in the
temperature range of 200-360 K, which were somewhat smaller than for devices from ICL wafer
YO082L. Although the performance at 80 K for devices from Y086L was superior to those from
YO082L, both their Js and Vu values exceeded those of devices from YOS82L at elevated
temperatures, as reflected in Fig. 4. This is likely due to the significantly longer emission

wavelength from the intended design at 300 K and the associated changes in the optical parameters



for these ICLs based on the discussion related to Fig. 3. When the emission wavelength at elevated
temperatures approaches the plasmon wavelength () of the n"-doped InAso91Sbo.oo plasmon
cladding layers, the free-carrier absorption loss will sharply increase, which can impact the device
performance. For example, at the doping level used for the plasmon cladding in these devices, the
estimated Ap = 6.47 um. At an emission wavelength equal to that of YO82L at RT (A = 3.28 pm),
the estimated free-carrier loss for a bulk layer of InAsoo1Sbooo is o = 427.7 cm™, while at a
wavelength equal to that of YO86L at RT (A = 3.83 um), the estimated free-carrier loss is a; =602.7

cm™!, which is about 41% larger.

3.3  YO87L Performance

Devices from ICL wafer YO87L have thicker layers in both the cascade active region and the
InAs/AlSb SL Int. cladding layers, compared to the intended designed, as previously discussed in
Section 2. Compared to devices from YO086L, those from YO87L (YO87LBA1-1H and YO87LBAI1-
1F) consistently showed a slightly lower cw threshold current density of Js = 6.3 and 6.4 A/cm?,
respectively, implying a further reduction in the SRH recombination, consistent with the lower
defect density observed in wafer YO87L, compared to YO86L. They lased with cw emission
wavelengths of 3.36 um and 3.35 um at 80 K that were similar to those of devices from YO86L,
but with slightly reduced threshold voltages of Vi, = 3.42 and 3.22 V (corresponding to a 7y of
69%), respectively. Representative devices from this ICL wafer, 100- um-wide device
YO87LBAI-1H and 150- pm-wide device YO87LBAI1-1F, showed comparable maximum cw
operating temperatures to those from YO86L of 260 K and 252.5 K, respectively. They had
emission wavelengths of A = 3.8 and 3.78 pm, J;, = 146.7 and 123.3 A/cm?, and Vi = 2.96 and
2.62 V, respectively. Overall, the cw lasing characteristics for devices from Y087L exhibit slightly
better performance than those from Y086L, which may be reflective of the slight increase in the
GaSb layer thicknesses in the hole injector, intended to improve the carrier transport in these
devices, but could also be due to somewhat better material quality with a reduced defect density.
Fig. 10 shows the cw current-voltage-light (IVL) characteristics of YO87LBA1-1H, which is a
representative device among the many devices tested and listed in Fig. 4. YO8§7LBA1-1H reached
apeak EQE at 80 K of 217%, which subsequently decreased with increased heat-sink temperature
to 76% at 250 K. Other devices from YO87L showed similar performance. Once again, the

differences in the measured EQE and maximum cw operating temperature for devices from Y087L
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and YO82L are related to the superior lasing threshold characteristics for devices from YO087L,
similar to YOS6L.

In pulsed operation (SkHz repetition rate and 1 ps pulse width), the YO87LBA1-1H and
YO087LBAI-1F devices were able to lase up to 368 K and 369 K, with the results from YO87LBA1-
1F shown in Fig. 11, which is also representative of the other devices tested. At their maximum
operating temperature, these devices had emission wavelengths of 3.913 and 3.918 um, and
threshold current densities of Js = 1120 and 1031.1 A/cm?, respectively. At RT, these devices
lased at 3.83 um with threshold current densities of J; = 162.7 and 151.1 A/cm?, respectively. The
devices from YO87L had emission wavelengths at RT that were red-shifted by a factor similar to
the devices from YO86L. Their RT values of Vin = 3.34 and 3.39 V, respectively, lead to voltage
efficiencies of about 58.2% and 57.4%. These results are slightly lower than those for devices from
YO086L, but significantly higher than that for devices from Y082L. These results further suggest
that the deviations from the design with increased layer thicknesses are less problematic in terms
of carrier transport compared to the deviation scenario with reduced layer thickness. For devices
from this ICL wafer, the T, values ranged from 48.8 to 49.0 K in the temperature range of 200-
360 K, which are comparable to those from the second ICL wafer, YO86L. Similar to devices from
YO086L, those from YO087L had superior performance at 80 K compared to those from YO82L. At
elevated temperatures beyond 300 K, both their Ju and Vi values exceeded those of devices from
YO082L as reflected in Fig. 4, for reasons that are likely similar to those for YO86L, i.e., quickly
increased free-carrier absorption loss at the more red-shifted wavelengths with increasing heat-

sink temperature.

4 Conclusions

Three ICL wafers (Y082L, YO86L, and YO87L) each with the same 6-stage cascade active region
design and with an advanced waveguide were grown by molecular beam epitaxy (MBE). Although
there were significant deviations in layer thicknesses from the designed values, ICL devices made
from the three wafers exhibited low threshold current densities at RT which are comparable to
those in state-of-the-art ICLs at similar wavelengths. This suggests a promising potential for the
advanced waveguide configuration to enhance the thermal and optical properties of ICLs. Also, a
comparative study among the devices revealed that the decreased layer thicknesses due to growth

deviations lead to a notable problem in the carrier transport that manifested in significantly higher
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threshold voltages and low voltage efficiencies (<43%). Conversely, devices which had growth
deviations with increased layer thicknesses had much less impact on the carrier transport, which
is supported by high voltage efficiencies (e.g., 69%) and the higher cw operating temperature (e.g.,
260 K) for BA devices from wafers YO86/87L. Such a high voltage efficiency (69%) is close to
that (~70%) of state-of-the-art GaSb-based ICLs with the traditional waveguide. This implies that
ICLs with the advanced waveguide configuration may achieve superior device performance when
the structural deviations are minimized or the structure is optimized. Additionally, devices made
from the ICL wafer YO82L demonstrated characteristic temperature even higher than state-of-the-
art GaSb-based ICLs with the traditional waveguide, again suggesting considerable potential for
GaSb-based ICLs with the advanced waveguide designed to operate at shorter wavelengths.
Furthermore, this advanced waveguide configuration with the highly doped InAsSb outer cladding
layer will be beneficial to lateral current conduction when the ICL structure is grown on a Si
substrate [27], where the series resistance is significantly high through the InAs/AISb SL cladding

layer.
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Figure Caption List:

Fig. 1a. A schematic diagram of the overall structure showing the various waveguide segments and the cascade

active region, as well as connection regions (hatched) between them.

Fig. 1b. The experimentally measured XRD pattern (blue) along with the simulated pattern (red) for YO82L, which

is representative of all ICL wafers grown. The origin for the x-axis is at the (004) peak for the GaSb substrate.

Fig. 2. The calculated optical modal profile and refractive index for the ICL based on the intended design
parameters. Listed in the plot are the optical confinement factor (I'), the internal loss due to free-carrier absorption

(i), and the effective refractive index (nef).

Fig. 3. The calculated optical modal profile and refractive index for YO82L (red) and YO86L (green) based on the

intended operating wavelength, but with the structure thicknesses modified by the measured XRD results.

Fig. 4. The measured threshold current density (Js) and threshold voltage (Vi) as a function of temperature for

several devices from the three ICL wafers in both cw (solid) and pulsed (dashed) operation.

Fig. 5. The cw and pulsed emission wavelengths as functions of heat-sink temperature. Also shown are the average

red-shift of the emission wavelength per unit heat-sink temperature.

Fig. 6. The CW IVL characteristics for YO82LBA1-3F from 80 K to its 240 K along with the corresponding EQE

values.

Fig. 7. The pulsed lasing spectra for YOS2LBA1-3F along with the threshold current density, threshold voltage, and
emission wavelength at each temperature step.
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Fig. 8. The CW IVL characteristics for YO86LBA1-2B from 80 K to 240 K along with the corresponding EQE values.

Fig.9. The pulsed spectra (YO86LBA1-1H) along with the threshold current density, threshold voltage, and emission

wavelength at each temperature step.

Fig. 10. The CW IVL characteristics for YO87LBA1-1H from 80 K to 250 K along with the corresponding EQE values.

Fig. 11. The pulsed spectra (YO87LBA1-1F) along with the threshold current density, threshold voltage, and emission

wavelength at each temperature step.

15



Figures

b e el o o o o o ol o T o A T 7 A

P A A A o P PV o A VA P A P o V)

e o o o e ol o o o o o T o A

W A

e o e e o o o e o o o A e

B A e P P o o P P P A V]

GaSb buffer

]
il
aQ
[am—
o

10"

-
[=]
=)

10"

Normalized X-ray Intensity (arb. u.)

Fig. 1b

(b) —— Y082L Simulated
——Y082L Measured

"
LS Y

!

i
(10 L ! S Y PRI I A ||‘|w"“n||
-10000 -7500 -5000 -2500 0 2500 5000 7500 10000

®—20 (Arcsec)

16



1 " | " I ]
12 SCL | sCL '
] L35
S 1.0 Int. SL Cladding Int. SL Cladding
..e | L
‘S’ n"-InAs,, Sh, . n'-InAs,,,Sb, :3.0
2 0.8 [
= ] i
= L
= L25
%‘ 0.6 ~21.4% I
=
5 04 Y082/86LL Lo0
2 ] Design
] A =330 um [
0.2 _ -1 C 15
=] o, =5.128 cm 3
] n.=3.452
0.0 ——r 1.0
0 | 2 3 4
Position Z (um)
Fig. 2
0 ! 7 3 1
1 o scL scL '
1.2—_ L
. Int. SL Cladding|| |[Core|| ||Int. SL Cladgg -3.5
—_ ] [ - [
=1 1.0—_
:% 3.0
&: 0'8_. n'-InAs,, Sb n|_InASO9\Sb0-09
(o] L
& ] -2.5
= 0.6 - I
B ] Y082 YO86L
= ] r1002% [~2196% [,
= . N
g 0.4 %=3.30 um A—3.-824 pml
o) ] o =583 cm’ ®, =6.52 cm s
027 n,=3.451 N = 3429
0,0‘ ......... T B L S } .-1,0
0 1 2 3 4
Position Z (pum)
Fig.3

17

Refractive Index

Refractive Index



Threshold Voltage (V)

T 1~ 1 7 17 71 1 71730
{ blue & eyan: Y082L triangles: 150 pm 328
magenta & violet: Y087L others: 100 pm ]
1 E &
0005 thers: YO86L P aEEE
a0 ] .’ 324
5 IE 122
< b ]
4 ]
> ﬁ 420
= ’Qi 1
Z 1004 ? 318
5} 3 1
A ) J16
= solid: ecw ]
g open: pulsed 3 14
= ]
O : . 12
= i R 3
= A
) ] 18
I B
= T --__A-A-—',}g” 16
: :@' ;§; ;%{ ] _: !
l T T T . 2

—_
90 120 150 180 210 240 270 300 330 360 390
Temperature (K)

Fig.4
: a0
3.7 i —
3.6 —

Y086L/87L

soild: cw
open: pulsed

JauE

Ay 3

e ]

/f AT _
/A YO82L dA/dT = 1.82 nm/K

Y082L 3
/A YO086L dA/dT = 1.88 nm/K ]
YO87L dA/dT =2.02 nm/K

RS IS U TN U NN W SN T U SN W SN ST N W ST W AU A AR AU AN AU A A
75 100 125 150 175 200 225 250 275 300 325 350 375
Temperature (K)

Wavelength (um)
.

Fig. 5

18



] 80K F120
9_: Y082LBAI-3F 100 pmx3mm EQE = 131% |
1 £\ 120 K 3 110
8 l EQE =126% [ |09
I /A
] 160K [ 3
7 F «
Z ] E70 =
o 57 ' t &
SV 60 =
= 1 200 K r g
C>3 4_: v v EQE = 93% ;—50 2
] E30 2
2 225K F O
] .M"E.(JE =63% 20
1 oo? g
] 220 [ 10
04 . EQE =27%f
0 100 200 300 400 500 600
Current (mA)
Fig. 6
- 1 n 1 1 1 n 1 1 1 1 1 n 1 1 1 n 1 1 L 1 1 1 1 1 4
B YO82LBA1-3F 100 pumx 3mm (3.41516— ]
- 370 K-773.3 Alcm*-7.69 V . 1
—~ 6L (3.3967) | ]
= [ 360 K-593.3 Alcm*-6.85 V 1
) X me— - 1
—
8 S5t 3.35603) .
> [_340K-3833 Alcm?-5.79 V 1
Z 4f T (3.28572) ]
£ [ 300K-181.3 Alcm’-5.21 V ]
—_— 3 &
T 3r T(3.24778) .
N [ 280 K-130 A/lcm®-5.27 V 1 ps, 5kHz 1
= i (3.17179)/ 1
z r 240 K-69.7 Alcm®-5.34 V ]
1E — 3
[ (3.09339) ]
[ 200 K-40.3 Alcm*-5.65 V i
0 ———t———t—t—t—f———t—t—f———t—t—t——t +
3.0 3.1 3.2 33 34 3.5
Wavelength (pm)
Fig. 7

19



5.0

4.5

4.0

3.5

3.0

2.5

Voltage (V)

gok 120K 160K EQE = 193%
| |

100pm x2mm

200K / S

/ 240K
EQE = 119% /-

— 35

:30

125

P
e}
(==}

Output Power (mW/Facet)

Current (mA)

EQE = 172% u u 115
/ / -/250K
[ EQE = 85%
.l'. / 410
I | 4
l/-’.’._._f
P ]
™ 45
a® 260K 1
o™ EQE = 42% ]
.II 1
......... —— )
0 100 200 300 400 500

{TrrrrrrrrrrrrrrrrrrrrorrT
1 Y086LBA1-1H 100 pmx3mm ﬁ(a.asrra)
] 360K-1140A/cm’-6.36V

(3.88164)
340K-506.6A/cm?-4.98V /\

——(3.85441)
320K-277.3A/cm?*-4.00V ))‘\

, \(3,32385)
300K-154.6A/cm*-3.02V

\(3.79769)
280K-118.6A/cm®-2.84V A

Normalized Intensity (arb. u.)

\
3.72204
lus, 5 kHz A ( ) 240K-51.3A/cm?-2.60V

2
j}\\\(s.mssa) 200K-30.0A/cm?-2.50V
. N

sty o

0]

Fig. 9

Wavelength (um)

20

L L L L A B
355 360 365 3.70 375 380 3.85 390 395

4.00



35 [T ) 20
' 80 K EQE = 217% YO87LBAI-1H 100pm X 3mm
120 K EQE = 199% =4 18
EQE =193%7
3.0 ® Aigok | <116
Y <
P
« —_—
2.5 P
« [5]
P [
d h =
<20 %
2 1102
= 4‘ 250 K v
= 1.5 4 t 13 g
- ‘4 EQE=76% |°
1c B
1.0 4 16 &
‘4 ] =
44 y 4 ©
0.5 44 ]
P 12
v 4 ]
0.0 SRTEFRUPRVIOVSIIURRITPROIIY. AT RCE . N )
0 50 100 150 200 250 300 350 400 450
Current (mA)
Fig. 10
PRI N S SN T Y T [N ST SO T U N SN SN W S [N NN T M SN N T YO S T N SN T W T T SR T S T NS N -
] ~ ]
93 YO87LBAI-1F 369K-1031.1A/cm9.91V (3.91784) 1
] ~(3.9183) 1
g4 150 pmx3mm 360K-831.1A/cm?-7.85V Jk( )]
~ ] ]
=73 350K-615.5A/cm’-6.58V )}W(&me”
£ ]
‘S: 6 340K-464.4A/cm’-5.50V )L\C +(3.89211)
& 54 320K-286.6A/cm’-4.38V J\K‘\(s.ssazs) 3
2 ) ]
S ] - ]
- 47 300K-151.1A/cm?-3.39V N(s.azsng) K
] ] 1
'[S 3—- 2 = -
= 77 280K-112.8A/cm’-3.19V A (3.8043) :
£ 5] — ]
2 ] 260K-70.2A/cm?-2.93V A (3.75659) ]
- . . " R .
1 | (3.72062 1
0 240K-49.8A/cm*-2.88V ( ) 1us, SkHz

Fig. 11

L B L L AL L L N y
355 360 365 370 375 380 385 390 395 4.00

T T

Wavelength (um)

21



