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ABSTRACT  

We report the first implementation of an advanced waveguide structure, consisting of GaSb separate confinement layers 

(SCLs), n-doped InAs/AlSb superlattice (SL) intermediate cladding layers, and n+-doped InAs0.91Sb0.09 plasmon 

enhanced cladding layers for GaSb-based interband cascade lasers (ICLs) with lasing wavelengths at 3.3 and 3.4 µm. 

This advanced waveguide structure is intended to improve the optical confinement and the overall thermal conductivity 

of these ICLs. A room temperature (RT) threshold current density (Jth) as low as 176.9 A/cm2 for a broad area (BA) 

device emitting at 3.28 µm was measured with the pulsed operation extending up to 390 K. A second ICL emitting at 

3.42 µm exhibited a RT pulsed Jth of 195.6 A/cm2. The ICLs tested here had characteristic temperatures (To) of nearly 60 

K, which is the highest among RT ICLs with similar lasing wavelengths, suggesting advantages of the advanced 

waveguide in these devices.  
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1. INTRODUCTION  

Interband cascade lasers (ICLs)1 based on a type-II 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 at a much lower threshold current density (Jth). 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.7-10 The GaSb-based ICLs have demonstrated efficient room temperature (RT) operation in 

the 3-6 µm range but exhibited performance below their InAs-based counterparts beyond 6 µm due partially to limited 

effort and the difficulties associated with the waveguide traditionally used.4,5 The typical waveguide used in a GaSb-

based ICL consists of two Te-doped GaSb separate confinement layers (SCLs) surrounding the cascade active region, 

wrapped by two n-doped InAs/AlSb superlattice (SL) cladding layers, which have a low thermal conductivity and a 

small contrast in refractive index with the cascade region. The InAs-based ICLs have utilized a heavily n+-doped InAs 

plasmon enhanced cladding layer, instead of the InAs/AlSb SL, to improve the optical confinement and the overall 

thermal conductivity of the device11-17, resulting in the wavelength coverage of ICLs extending to 11.2 µm.  For InAs-

based ICLs operating near 4.6 µm, it was later shown that an advanced waveguide structure which combined a relatively 

thin InAs/AlSb SL intermediate cladding layer with the n+-doped InAs plasmon cladding, enabled enhanced device 

performance by reducing the free-carrier loss and yielding improved optical confinement within the cascade active 

region18.  This advanced waveguide was later shown to improve performance in long wavelength InAs-based ICLs 

emitting between 10-13 µm19-20 and was also explored in GaSb-based ICLs operating between 3.8 to 6.1 µm,21-22 where 

the plasmon enhanced cladding layer in the latter is composed of n+-doped InAs0.91Sb0.09. Here we report an investigation 

of GaSb-based ICLs which incorporate this advanced waveguide structure and are tailored to emit near 3.3 and 3.4 µm at 

RT. The continuous wave (cw) and pulsed performance of these broad area (BA) ICLs display similar performance to 

other GaSb-based ICLs which utilize the conventional waveguide and emit near a similar wavelength. 
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2. DESIGN, GROWTH, AND FABRICATION 

Two GaSb-based ICL wafers were grown with designs utilizing the advanced waveguide structure. Both ICL wafers 

have 6 cascade stages (Nc) where each W-QW active region consists of an identical layer sequence of 

AlSb/InAs/Ga0.6In0.4Sb/InAs/AlSb for a targeted lasing wavelength near 3.3 µm at RT. The primary difference between 

the two ICL wafers stems from the variation in the SCL layer thickness. The first ICL structure (Y082L) has GaSb SCLs 

doped with Te to a level of 2.7 × 1017 cm-3 each with a thickness of 2100 Å, while the second ICL structure (Y083L) 

incorporates the same Te-doped GaSb SCLs but with the thickness increased to 3000 Å. Both include 1 µm thick 

(bottom) and 0.7 µm thick (top) n+-doped InAs0.91Sb0.09 plasmon cladding layers with a doping level of 3.2 × 1019 cm-3 

and 0.75 µm (bottom and top) n-doped (1.5 × 1017 cm-3) InAs/AlSb SL cladding layers. Figures 1a and 1b show the 

calculated optical modal profile and refractive index for these two ICL wafers. To calculate characteristics at RT, the 

waveguide simulation was generated using the measured pulsed wavelength at 300 K, which was λ = 3.28 µm for 

Y082L and λ = 3.42 µm for Y083L. Several estimated parameters are shown in the figures, including the optical 

confinement factor (Γ), the internal loss due to free carrier absorption (αi), the threshold gain (Gth), and the effective 

refractive index (neff) of the waveguide. Note that the estimated optical confinement factor decreases from approximately 

20.7% in Y082L to 19.1% in Y083L due to the increased thickness of the SCLs. On the other hand, the increase in the 

SCL thickness in Y083L leads to predicted reductions in the free carrier absorption loss of nearly 31% and the required 

threshold gain of about 7%.   

 
Figure 1. The calculated optical modal profile and refractive index for (a) Y082L and (b) Y083L. Listed in the plots are the optical confinement 

factor (Γ), the internal loss due to free carrier absorption (αi), the threshold gain (Gth), and the effective refractive index (neff). 

 

The two six-stage GaSb-based 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 analyzed 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 Y082L was 1.4 

× 104 cm-2, while that of Y083L was 6.8 × 103 cm-2, which are 

within acceptable limits for reasonable device performance. 

From the XRD measurements, symmetric scans normal to the 

(004) planes indicate certain deviations from the intended design 

as shown in Figure 2. Between both ICL wafers, an average 

tensile strain for the SL cladding of 0.13% in the growth 

direction (biaxial compressive strain) was observed, where the 

average substrate/SL zero-order peak separation was 

 
Figure 2. The experimentally measured XRD 

spectrum (blue) along with the simulated spectrum 

(red) for Y082L. 



 

 
 

 

approximately 159 arcsec. The analysis of the XRD spectrum showed that on average, the InAs/AlSb SL cladding was 

about 8.3% thinner than expected, while the cascade region was 13% thinner than expected, indicating variance in the 

group III growth rates. Despite these structural deviations, devices made from these ICL wafers exhibited reasonable 

lasing performance in both cw and pulsed modes, as discussed in Section 3. 

 

The grown ICL wafers were fabricated into 100-µm-wide (e.g. Y082LBA1-3F and Y083LBA1-3G) and 150-µm-wide 

(e.g. Y082LBA1-3H and Y083LBA1-3E) broad area (BA) mesas using standard UV contact photolithography and wet 

chemical etching. The wafers were left unthinned and cleaved into approximately 3-mm-long (and 1.5-mm-long) laser 

bars without facet coating, which were mounted epi-side up on copper heat sinks for testing.   

 

3. EXPERIMENTAL RESULTS 

Figure 3 depicts the measured threshold voltage (Vth) 

and threshold current density (Jth) values as a function of 

temperature for two representative devices from the first 

ICL wafer, Y082LBA1-3F and Y082LBA1-3H. Also 

shown are the specific thermal resistance (Rth) and the 

characteristic temperature (To), which was determined 

from the pulsed measurements. In cw mode, 

Y082LBA1-3F lased at 80 K with an emission 

wavelength of λ = 2.89 µm, a Jth = 10.5 A/cm2, and a Vth 

= 7.4 V. Y082LBA1-3F went on to operate up to 242 K 

in cw mode, with an emission wavelength of λ = 3.25 

µm and a Jth of 165 A/cm2. Y082LBA1-3H exhibited 

similar 80 K performance and operated up to a 

maximum cw temperature of 225 K with an emission 

wavelength of λ = 3.21 µm and a Jth of 106.9 A/cm2. 

The cw operating temperature difference between the 

two devices is likely due to the increased thermal load in 

device H stemming from the wider laser ridge, which is 

reflected by their difference in the specific thermal 

resistance. 

 

Figures 4a and 4b show the cw current-voltage-light (IVL) characteristics of devices Y082LBA1-3F and Y082LBA1-3H, 

respectively. Y082LBA1-3F 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. Y082LBA1-3H 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, the Y082LBA1-3F and 

Y082LBA1-3H devices were able to lase up to 370 K with a Jth = 773 A/cm2 and 360 K with a Jth = 600 A/cm2, 

respectively, as shown in Figure 5. Another device with a 1.5 mm cavity length and a 100 µm wide ridge, Y082BA1-1C, 

was operated up to 390 K and then damaged with a high pulsed current. Y082LBA1-3F lased in pulsed mode at RT with 

an emission wavelength of λ = 3.28 µm and a Jth = 181.3 A/cm2, while Y082LBA1-3H lased at a similar wavelength 

with a Jth = 176.9 A/cm2. This is somewhat similar to a 5-stage GaSb-based ICL which utilized the traditional waveguide 

and exhibited RT lasing at λ = 3.6 µm with a Jth = 134 A/cm2.23 As ref. [23] points out, the threshold tends to increase at 

even shorter wavelengths, rising above 200 A/cm2 for devices emitting below 3.1 µm. However, the threshold voltages 

from devices made from Y082L were relatively high (>5 V) as illustrated in Fig. 3, suggesting unsmooth carrier 

transport. This might be caused by substantial deviations in layer thicknesses from the design. Nevertheless, these ICLs 

were able to lase in pulsed mode at high temperatures (up to 390 K) with To values close to 60 K as shown in Fig. 3, 

which is the highest among RT ICLs with similar lasing wavelengths. These preliminary results are very encouraging 

 
Figure 3. The Jth and Vth as a function of temperature for two 

representative devices from ICL wafer Y082L with different 

laser ridge widths in both cw and pulsed modes. Included are the 

calculated Rth and To values. 

 



 

 
 

 

considering that these ICL wafers were the first growth trial after repairing the MBE system (which was partially 

damaged by a severe storm). 

 

 

Figure 4. CW IVL characteristics for Y082LBA1-3F (a) and Y082LBA1-3H (b) from 80 K to their maximum operating 

temperatures of 240 K and 225 K, respectively. Also shown are the extracted external quantum efficiency values (EQE). 

 

 

Figure 5. Normalized spectra under pulsed excitation for (a) Y082LBA1-3F and (b) Y082LBA1-3H. Shown in the plot are 

the threshold current, threshold current density, threshold voltage, and emission wavelength at each temperature step. 

 

Two representative devices from the second ICL wafer, Y083LBA1-3G and Y083LBA1-3E were able to lase in both cw 

and pulsed modes as shown in Figure 6. In cw mode at 80 K, Y083LBA1-3G lased at λ = 3 µm with a Jth = 10.4 A/cm2 

and a Vth = 9.14 V, which is a higher threshold voltage than that of Y082LAB1-3F. This device went on to operate up to 

228 K in cw mode with an emission wavelength of λ = 3.35 µm and a Jth = 120 A/cm2. As before, the companion device 

(Y083LBA1-3E) exhibited similar performance at 80 K, with a Jth = 11.2 A/cm2 and was able to lase up to 210 K in cw 

mode, with emission near λ = 3.31 µm and a Jth = 87 A/cm2.  

 



 

 
 

 

Figures 7a and 7b show the cw IVL characteristics of devices Y083LBA1-3G and Y083LBA1-3E, respectively, where 

damage to the devices was avoided by limiting the injection current to 400 mA at lower temperatures. Under this 

restriction, Y083LBA1-3G reached a peak cw output power at 80 K of 109.1 mW/facet with an extracted external 

quantum efficiency (EQE) of 153%. Compared to a similar injection current for Y082LBA1-3F (96.1 mW/facet at 400 

mA), the output at 80 K from Y083LBA1-3F was about 13.5% larger. The output power dropped to 1.5 mW/facet, with 

an EQE of 21%, at its maximum cw operating temperature of 228 K. At a comparable cw operating temperature of 225 

K, the output from Y083LBA1-3G (8.7 mW/facet) was much lower than that of Y082LAB1-3F (24.9 mW/facet) under 

an injection current of 500 mA. This may be due 

partially to the increased heating with the higher 

threshold voltage and the thicker SCL as it may slightly 

reduce the efficiency of the heat extraction from the 

active region. Y083LBA1-3E exhibited similar 

performance, with an 80 K EQE = 136% and a 

maximum cw output power of 90.6 mW/facet, which is 

again quite comparable to the equivalent output of 

Y082LBA1-3H (89.7 mW/facet) under a similar 

injection current. The output fell to 5.7 mW/facet at 210 

K with an EQE = 36%. Under comparable injection 

currents at 200 K, the output of Y083LBA1-3E was 

22.8 mW/facet while that of Y082LBA1-3H was about 

68% larger at 38.2 mW/facet, again indicating reduced 

performance possibly due to the increased thermal load 

in devices from Y083L. This is also supported by 

comparison of both devices from Y083L at 200 K. 

Y083LBA1-3G showed an output of 39.4 mW/facet at 

200 K, indicating the reduced performance seen in 

Y083LBA1-3E is associated with heating in the QW 

active region due to the wider laser ridge compared 

with Y083LBA1-3G.  

 

 

Figure 7. CW IVL characteristics for (a) Y083LBA1-3G and (b) Y083LBA1-3E from 80 K to their maximum operating 

temperatures of 228 K and 210 K, respectively. Also shown are the extracted external quantum efficiency values (EQE). 

 

In pulsed operation devices Y083LBA1-3G and Y083LBA1-3E were able to lase up to 370 K with a Jth = 1003.3 A/cm2 

and 360 K with a Jth = 668.9 A/cm2, respectively, as shown in Figure 8. No device from this ICL wafer was taken to 

failure but considering the increased heat load with the higher threshold voltage, these devices could fail at slightly 

 
Figure 6. The Jth and Vth as a function of temperature for two 

representative devices from ICL wafer Y083L with different laser 

ridge widths in both cw and pulsed modes. Included are the 

calculated Rth and To values. 



 

 
 

 

reduced temperatures compared with those made from Y082L. Y083LBA1-3G lased at RT with an emission wavelength 

of λ = 3.42 µm and a slightly larger Jth = 197.3 A/cm2 compared to Y082LBA1-3F. Y083LBA1-3E lased at a similar 

wavelength with a Jth = 195.6 A/cm2. 

 

 

Figure 8. Normalized spectra under pulsed excitation for (a) Y083LBA1-3G and (b) Y083LBA1-3E. Shown in the plot are 

the threshold current, threshold current density, threshold voltage, and emission wavelength at each temperature step. 

 

Devices made from Y082L and Y083L showed similar performance between 80 K and their maximum pulsed operating 

temperatures, with devices from Y083L generally performing slightly worse overall. Though the increased thickness of 

the SCL reduces the optical confinement within the QW active region for devices from Y083L, based on simulation 

results in Fig. 1 there should be trade-off benefits in reductions of the threshold gain and free-carrier absorption loss. In 

practice, however, the trade-offs do not seem to aid the performance of devices from Y083L. This might be due to some 

uncertainties related to variations among the ICL structures during the MBE growth and device fabrication processes 

considering that the Vth in devices made from Y083L was larger than that in devices from Y082L. 

 

4. SUMMARY 

To summarize, two six-stage ICL wafers were grown on GaSb substrates, both of which incorporated waveguides with 

Te-doped GaSb SCLs, n-doped InAs/AlSb SL intermediate cladding layers, and n+-doped InAs0.91Sb0.09 plasmon 

enhanced cladding layers. This advanced waveguide structure has been shown to enhance the performance of InAs-based 

ICLs operating between 4-13 µm and GaSb-based ICLs operating between 4-6 µm and was implemented here for the 

first time in GaSb-based ICLs designed to lase at wavelengths shorter than 3.5 µm at RT. Threshold current density 

results that are comparable to state-of-the-art GaSb-based ICLs operating at 3.6 µm were observed, with measured 

characteristic temperature values that are the highest among ICLs around RT and emitting at similar wavelengths. We 

believe that with further design and growth iterations, GaSb-based ICLs which utilize the advanced waveguide structure 

may display enhanced performance between 3-4 µm at room temperature. 
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