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1. Introduction

The interband cascade laser (ICL)!" " is a compact mid-infrared
light source with low threshold current density!”! for many appli-
cations such as trace gas sensing® '), flame-temperature mea-
surements''?), free-space optical communications!"?), infrared
lidars, and infrared countermeasures, especially in the wavelength
range from 3 pm to 4 pm. An ICL combines the characteristics
of the interband optical transition from quantum well (QW)
lasers!"*! and the electron transport through the cascading stages
from quantum cascade lasers!"*!. In 2008, Kim et al. reported con-
tinuous-wave (CW) lasing at 3.75 pm above room tempera-
ture'®), which was a milestone in the development of ICLs.
At present, the active region of a room-temperature CW ICL
includes an active InAs/GalnSb/InAs W-type QW emitting
region, with a GaSb/AISb double QW hole injector on one side
and an electron injector formed by an InAs/AISb chirped super-
lattice on the other side, in which the InAs wells are n-doped
to provide electron injection into the above mentioned active
W-type quantum wells.

In a well-known quantum cascade laser, only electrons contrib-
ute to the current flow by passing through the conduction sub-
bands in each cascade stage. In contrast, both electrons and
holes are injected into the active W wells by the electron injector
and hole injector on both sides, as shown in Fig. 1. Under an
appropriate applied bias voltage, a semi-metallic interface (SMIF)
forms between the hole injector and the electron injector due to the
type II heterojunction between InAs and GaSb. Such an SMIF is
essential to ensure the smooth transport of the electrons between
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We demonstrate GaSh-based interband cascade lasers (ICLs) emitting around 3.65 um, which exhibit a room-temperature
continuous-wave (CW) output power above 100 mW. Cavity-length analysis showed that the laser structure has a low inter-
nal loss of 3 cm~" while maintaining a total internal quantum efficiency greater than one. After 6400 h CW operation at 25°C,
the threshold current of the laser increased by 3%, and the output power decreased by 7%, indicating good reliability of the

Keywords: interband cascade lasers; quantum well; mid-infrared; semiconductor lasers.

stages. If one pays attention to low power consumption, the SMIF
should form under a bias voltage as low as possible. The InAs QW
on the right side of the SMIF should be thick enough to lower the
ground energy level. This electron energy level is lower than the
upper lasing energy level in the next stage. Thus, the electron injec-
tion is inefficient in earlier ICLs. On the contrary, holes are gen-
erated internally from the intrinsically p-type GaSb QWs in the
hole injector. The ground energy level of the hole injector lies
slightly below the lower lasing energy level in the active GalnSb
hole well. From an energy point of view, holes can be injected effi-
ciently into the active W wells.

In 2011, Vurgaftman et al.!"”! proposed a carrier rebalancing
scheme, which addressed the issue where the electron injection
efficiency in an ICL is much lower than the hole injection effi-
ciency. Four InAs QWs in the middle of the electron injector
were heavily doped to inject enough electrons into the active
W wells even though the ground energy level of the electron
injector was lower than the upper lasing level of the active W
wells. They reported a reduced threshold current density as
low as 167 A-cm™ for pulsed operation at room temperature
by an optimal doping concentration up to 5X 10! cm™.
However, we have noticed in our experiments that such a high
doping concentration requires a Si cell temperature higher than
1250°C. It is challenging to keep the superlattice interfaces
smooth and abrupt when the growth surface is irradiated by
the high-temperature Si cell. For this reason, we reduced the
Si doping concentration, and, at the same time, we reduced
the thicknesses of the InAs wells near the SMIF in the electron
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Fig. 1. Energy band diagram of an ICL active stage / composed of an InAs/
GagsIng3Sh/InAs W-type active QW sandwiched by an InAs/AISb chirped
superlattice electron injector on the left side and a GaSb/AISb double QW hole
injector on the right side. Calculated probability density functions are shown
for the upper and lower lasing subbands £, ;and £, ; the hole injection level
E; 7-and the electron injection miniband, where the lowest electron injection
levelis Eg; ;. Four InAs QWs in the electron injector of stage 7+ 1are also shown
on the right side to illustrate the SMIF for carrier transfer between two
sequent stages. The layer structure of the active stage / from the left is
as follows: 25 nm AISb/3.0 nm InAs/1.2 nm AISb/27 nm InAs/1.2 nm AlSb/
24 nm InAs/1.2 nm AISb/2.0 nm InAs/1.2 nm AISb/1.8 nm InAs/1.1 nm AISb/
17 nm InAs/2.5 nm AISb/17 nm InAs/3.0 nm Gag;Ingz:Sb/14 nm InAs/1.0 nm
AISb/3.0 nm GaSh/1.0 nm AISb/45 nm GaSh/2.5 nm AISb. Four underlined
InAs electron injector QWs were doped with Si to 2 x 10 cm™. The bulk con-
duction band (CB) edge and valence band (VB) edge are indicated by the dark
blue and purple lines, respectively.

injector. The reduction of the InAs well thickness causes the low-
est energy level of the electron injector to be close to or higher
than the upper lasing energy level in the active W wells. In this
way, the electron injection efficiency should be improved even at
a lower doping concentration.

In this Letter, we demonstrate an ICL with the Si doping con-
centration of 2 X 10'® cm™ accompanied with the narrowed
InAs QWs in the electron injector to ensure sufficient electron
injection to the active W wells. The ICL parameters such as the
internal quantum efficiency, internal loss, differential gain, and
transparent current density of the device were extracted by the
cavity-length analysis technique. A room-temperature light out-
put power of more than 100 mW was achieved from a five-stage
ICL with the combination of high reflection (HR) and anti-
reflection (AR) coating on the facets.

2. Experiments and Methods

Figure 1 shows the band diagram of the designed ICL active core,
which comprises the InAs/Ga,;Ing;Sb/InAs active W-type
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QWs of stage i, with the chirped InAs/AISb superlattice electron
injector on the left side and the AlSb/GaSb double QW hole
injector on the right side. A part of the electron injector from
the next stage, i.e., stage i + 1, is also shown on the right side
of the hole injector to illustrate the energy alignment between
them. As the InAs electron injector QW' are narrower than that
in Ref. [16], the lowest energy level of the electron injector E,; ; is
higher than the upper lasing energy level E, ; in stage i. At the
same time, the lowest injector energy level E,; ;) in stagei + 1
is aligned with the hole injector subband E}; ; of stage i, as indi-
cated in Fig. 1. Therefore, using a relatively low doping concen-
tration of 2 X 10" cm™ in the electron injector is expected to
ensure an effective electron injection efficiency.

The ICL structure was grown on an epi-ready Te-doped (001)
oriented GaSb substrate by the molecular beam epitaxy (MBE)
technique. The growth begins with a 500-nm-thick Te-doped
GaSb bulffer layer, followed by 610 repetitions of a 2.4 nm/
2.5 nm InAs/AISb superlattice as the bottom cladding layer.
Before the growth of AISb on InAs, an appropriate time of
growth interruption is introduced to reduce the As pressure
in the MBE chamber and prevent As from being mixed into
the subsequent AISb layer. Next, the active region consisting
of five stages of the structure shown in Fig. 1 sandwiched by
two 200-nm-thick GaSb:Te (1 X 10" cm™2) separate confine-
ment layers (SCLs) was deposited. On top of the upper SCL,
320 repetitions of the InAs/AlSb superlattice structure were
grown as the top cladding layer. Finally, the laser structure
was ended by a 10-nm-thick heavily n-doped InAs top contact.

Both InAs/AlISb superlattice cladding layers were gra-
dually doped by Si. The doping concentration increased from
1x 10" ¢cm™ near the active core to 2x 10" cm™ towards
the heavily doped contact layer. Each part of the structure,
i.e., the buffer layer, the individual cladding layer, each GaSb
SCL, the active region, and the InAs top contact, was con-
nected by an InAs/AlSb chirped superlattice transition layer to
smooth the abrupt conduction band discontinuity between
GaSb and InAs.

The wafer was processed into narrow ridge waveguide devices
with stripe widths of 15 pm and 20 pm. The ridge was defined
by standard contact photolithography followed by wet etching
down through the active region to the bottom GaSb SCL to limit
the lateral current diffusion. A 450-nm-thick SiO, film was
deposited with plasma-enhanced chemical vapor deposition
for passivation and electrical insulation. A contact window
was opened on top of the ridge by a buffered oxide etching proc-
ess. Then, a Ti/Pt/Au top contact was deposited by electron
beam evaporation, on top of which a 5-pm-thick gold layer
was electroplated to improve heat dissipation of the chip.
Afterward, a bottom contact of Ge/Au/Pt/Au was evaporated
on the thinned substrate. After rapid annealing, the wafers
were cleaved into laser bars of the desired cavity length. The laser
bars were mounted epi-side down on copper heat sinks through
In-Au alloying for characterization. The facets were left
uncoated or coated with Au HR film and 1/4 lambda AR film
as required.
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3. Results and Discussion

The crystalline quality and the lattice mismatch to the substrate
of the epilayer were determined by high-resolution X-ray dif-
fraction (XRD) measurements around the GaSb (004) diffrac-
tion peak. A scan range of +10,000 arcsec was used to ensure
that the second-order diffraction peaks from the InAs/AlSb
superlattice cladding layer were visible. Figure 2(a) shows the
XRD pattern of a sample. The pattern shown below is the result
of a dynamic simulation of the entire structure. The strong sharp
peaks marked by SL are ascribed to the InAs/AlSb superlattice
cladding layer, while the series of weak sharp peaks between the
SL peaks comes from the active region. In addition, the inserted
chirped superlattice transition layers produce a wide overlapped
diffraction pattern as marked by a rectangle. Meanwhile, the
InAs cap layer can also be distinguished from the pattern. The
separation between the substrate peak and the zeroth-order sat-
ellite peak of the epilayer is 80 arcsec, indicating a very small lat-
tice mismatch, i.e., less than 0.05%, of the epilayer to the GaSb
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Fig. 2. (a) High-resolution XRD pattern measured around GaSb (004) (top) of
the epitaxial complete device structure and the dynamic simulation of the
same structure (bottom); (b) AFM image measured on the surface of a
complete device structure.
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substrate. The full width at half-maximum (FWHM) of the first-
order satellite peaks SL(+1) and SL(—1) of the InAs/AISb super-
lattices is 20 arcsec, which is close to the FWHM (17 arcsec) of
the diffraction peak from the GaSb substrate. The FWHM of the
satellite peaks from the active region is 43 arcsec. The RMS
roughness of the surface of the 6.1-um-thick complete device
structure is 0.11 nm, as implied by the atomic force microscope
(AFM) image for the 10 pm X 10 pm scan shown in Fig. 2(b).
Clear terraces evenly separated by 3-A-high atomic steps are
visible along the [-110] direction, indicating a step-flux growth
mode of the entire ICL structure!'®). The overall epitaxial struc-
ture has more than 2000 layers of alternately grown InAs, AISb,
GaSb, and Gay,In,;Sb, exhibiting high crystal quality and low
lattice mismatch to the GaSb substrate.

The CW lasing spectra of a laser with both facets as-cleaved at
various temperatures are shown in Fig. 3. The ridge was 20 pm
wide and 3 mm long. Each spectrum exhibits a typical multi-
peak feature of a Fabry-Pérot cavity. The emission wavelengths
varied from 3.6 pm at 10°C to 3.75 pm at 50°C, and the red-shift
rate is about 3.7 nm/deg.

To characterize the laser in detail, we carried out the cavity-
length analysis on the lasers. Light-current-voltage (L-I-V) mea-
surements were conducted at two heat sink temperatures of 10°C
and 20°C on the as-cleaved laser dies having a ridge width of 20 pm
and different cavity lengths from 2 mm to 5 mm. The power slope
efficiency dP/dI above the threshold, which is proportional to the
external quantum efficiency 7y, and the threshold current density
J i, were obtained from the L-I-V measurements. The laser param-
eters are deduced from plots of 1 /7. versus cavity length L and J 5,
versus inverse cavity length 1/L according to Egs. (1) and (2):
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Fig. 3. Lasing spectra of the ICL at various temperatures.
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where h is the Planck constant, v is the lasing frequency, #; is the
overall internal quantum efficiency, g; is the internal loss, a,, is the
mirror loss, R; and R, are the reflectivities of the front and rear
facets of the laser, which are 0.31 for the cleaved facets, 7 is the car-
rier lifetime, n,, is the transparency carrier density, ], is the trans-
parency current density, and g is the peak modal differential gain.

Figure 4 shows the results of cavity-length analysis of the
uncoated ICLs at the heat sink temperatures of 10°C and 20°C.
The points in Fig. 4(a) show 1/5. as a function of the cavity
length L. The lines represent fits to Eq. (1), yielding the overall
internal quantum efficiency n; = 1.51 and 1.29 at T = 10°C and
20°C, respectively,and a; = 3 cm™ for both cases. The value of 7;
exceeds unity even though it is strongly dependent on the tem-
perature. As we know, once the design is optimized, the overall
internal quantum efficiency greater than one is a feature of a cas-
cade laser since it is the single-stage internal quantum efficiency
multiplied by the number of stages. Moreover, the internal loss
of our device is lower than that reported in Refs. [19,20].

The threshold current densities ]y, of the ICLs with different
cavity lengths measured at 10°C and 20°C are shown in Fig. 4(b).
By fitting Jy, as a function of 1/L according to Eq. (2), we
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Fig. 4. (a) Measured inverse of the external quantum efficiency 1/ney as a
function of cavity length L and (b] threshold current density J, as a function
of the reciprocal of cavity length 1/L. Values of internal quantum efficiency,
internal loss, peak modal differential gain, and transparency current
density are obtained by fitting the data with Egs. (1) and (2).
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obtained g, =0.0418cm/A and J, =94A/cm? at T =10°C
and g; =0.0314cm/A and J, = 102 A/cm? at T = 20°C. It can
be seen that g; and ], are temperature dependent. Since our CW
characteristics are affected significantly by thermal effects, these
two parameters are degraded markedly even if the heat sink
temperature is increased by only 10°C, indicating that Auger
recombination dominates the threshold current>"),

Figure 5 shows the CW L-I-V curves of a laser with 15 pm
ridge width and 5 mm cavity length at various temperatures
between 10°C and 60°C. The front and rear facets were AR
and HR coated, respectively. We achieved a CW output power
of 126 mW at 10°C, which is consistent with the high #; and
low a;.

In order to verify the effect of HR/AR coating on the device
performance, we compared the temperature-dependent thresh-
old current density and slope efficiency dP/dI of the HR/AR
sample with an uncoated (UN/UN) laser. The results are dis-
played in Fig. 6. Because an HR coating reduces while an AR
coating increases the mirror loss, the total mirror loss should
be close to the UN/UN sample if the reflectivity of the HR coat-
ing is high enough. That is to say, the threshold current density
should not be affected by HR/AR coating significantly. It can
be seen from Fig. 6(a) that the threshold current density of
the HR/AR sample is slightly lower than that of the UN/UN
sample at all temperatures.

On the other hand, the main function of the HR coating on
the rear facet is to collect the light output power of the active
region from the front facet completely, that is, the output power
should be twice that of the UN/UN sample. Figure 6(b) plots the
differential slope efficiency dP/dI of the HR/AR sample with that
of the UN/UN sample as a function of temperature. For a more
intuitive comparison, dP/dI from double facets of the UN/UN
sample is also shown in Fig. 6(b). This set of data almost coin-
cides with the HR/AR sample, that is, the reflectivity of the HR
coating is very close to one as expected.

All of the applications of ICLs require high reliability and
a long lifetime!*'?*!, We have recently carried out an aging
study of a representative ICL sample. The laser with a ridge
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Fig. 5. CW L-/-V characteristics for a 15-um-wide, 5-mm-long device with HR
and AR coating at various heat-sink temperatures between 10°C and 60°C.
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Fig. 6. (a) CW threshold current densities and (b) differential slope efficien-
cies versus temperature for an HR/AR and an UN/UN samples.

width of 15 pm and cavity length of 3 mm was soldered epitaxial-
side down on a Cu heat sink. The aging test was performed at
25°C with a CW injection current of 360 mA, which is two times
the threshold current. The emitted power was around 40 mW.
The output power was recorded every hour. Figure 7(a) shows
the monitoring results of the 6400 h CW operation. The device
exhibited little degradation in output power during the
6400 h test.

The small fluctuations shown in Fig. 7(a) were mainly caused
by the current fluctuation of the homemade power supply used
in this test. This output power degradation test is still ongoing.
In addition, the L-I-V curves measured before the aging test (0 h)
and after the CW operation for 3500, 3900, 4700, and 6400 h are
shown in Fig. 7(b). After 6400 h of CW operation, the threshold
current density of the laser just increased by 2%, and the maxi-
mum output power reduced by 7%. It is well known that the deg-
radation of the output power is usually caused by the generation
of defects in a laser structure. As mentioned previously, our ICL
structure has more than 2000 layers, resulting in a total thickness
greater than 6 pm. Thus, the small amount of degradation of our
device, i.e., the good long-term stability, indicates the high-qual-
ity epitaxial structures.
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Fig. 7. (a) CW output power of a 15 pm x 3 mm ICL. The data were recorded
every hour. (b) L-/-V characteristics for the ICL measured before the lifetime
test (0 h) and after CW operation for 3500 h, 3900 h, 4700 h, and 6400 h.

4. Summary

In summary, we produced ICLs that exhibited CW room-tem-
perature output power above 100 mW with HR/AR coated fac-
ets. A high internal quantum efficiency of 1.51 and a low internal
loss of 3cm™! were achieved by thinning the electron injector
and decreasing the doping concentration. Furthermore, our
ongoing aging experiments revealed that the threshold current
density remains almost constant for a long time at a heat sink
temperature of 25°C, indicating that our devices have good
reliability.
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