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The In0.53Ga0.47As/AlAs0.56Sb0.44 heterostructure system is of significant interest for the
development of high-performance intersubband devices due to its very large conduction band offset
sDEc,1.6 eVd and lattice-matched compatibility with well-established InP-based waveguide
technology. In this letter, we report the realization of In0.53Ga0.47As/AlAs0.56Sb0.44 quantum cascade
lasers emitting atl,4.3 mm. The highest-performance devices have low-temperatures20 Kd
threshold currents of,6 kA/cm2 and display laser action up to a maximum temperature of 240 K,
with a characteristic temperature ofT0,150 K. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1814798]

As quantum cascade lasers(QCLs) emitting at wave-
lengths beyond 5mm approach some degree of technological
maturity,1 attention is turning to seeking similar levels of
performance in the technologically importantl,3–5 mm
atmospheric window region. The ultimate limit on short
wavelength QCL operation is set by the depth of the quan-
tum wells in the laser active region, i.e., the conduction band
offset sDEcd of the heterostructure materials system
used. Although strain-compensated InGaAs/AlInAs/ InP
sDEc, ,700 meVd QCLs have been demonstrated at wave-
lengths down to 3.6mm (Ref. 2) the performance of such
devices is generally inferior to that of longer wavelength
QCLs. Consequently, there is strong motivation to extend the
QCL concept to materials systems with the highest possible
DEc, such as InAs–AlSb(Ref. 3) sDEc,2.1 eVd and
In0.53Ga0.47As–AlAs0.56Sb0.44 (Ref. 4) sDEc,1.6 eVd. How-
ever, due to the very high complexity of QCL design, and the
stringent demands placed on layer thickness control and uni-
formity, extension to these materials systems presents con-
siderable challenges.

Recently, we demonstrated intersubband spontaneous
emission in the wavelength range 4.1mm,l,5.3 mm from
quantum cascade structures based on
In0.53Ga0.47As–AlAs0.56Sb0.44.

5 This heterostructure system,
which is lattice matched to InP, is very promising for high-
performance QCL development, since it provides a very
large DEc as well as complete compatibility with well-
established InP-based QCL waveguide design and fabrica-
tion technology. In this letter, we report the realisation of
In0.53Ga0.47As–AlAs0.56Sb0.44 QCLs. Laser emission is ob-
served in pulsed regime at wavelengths of around 4.3mm up
to a maximum temperature of,240 K. Laser performance is
found to be strongly dependent upon the thickness of the
AlAs0.56Sb0.44 injection and exit barriers of the active region.

Three similar QCL designs were studied, each with 30
periods of active and bridging regions consisting of
In0.53Ga0.47As quantum wells and AlAs0.56Sb0.44barriers. The

designs were based on that of thel,4.1 mm quantum cas-
cade structure described in Ref. 5. The major difference in
the samples described here is an increase of the bridging
region doping density from,2.531017 cm−3 to ,8
31017 cm−3. This allows the devices to sustain higher cur-
rents than those reported in Ref. 5, allowing lasing thresholds
to be reached. In addition, by varying the thickness of the
injection and exit barriers of the active region and monitor-
ing the effects on laser characteristics we have improved the
electron injection and extraction efficiencies of the active
region, which are mainly controlled by these barriers. Such
empirical optimization is essential for devices in this materi-
als system, due to uncertainties arising from compositional
grading at the interfaces and the fact that values of certain
key parameters such as AlAs0.56Sb0.44electron effective mass
and conduction band offset are not yet precisely known.

The layer thicknesses(in angstroms) for one period of
active and bridging regions for the three QCL samples stud-
ied were as follows: W1 /18/9/46/9/42/W2 /32/13/
30/13/30I /14/28I /14/26I /14/24I /15/22I /15/21. The
AlAs0.56Sb0.44 layers(barriers) are in bold font, the InGaAs
wells are in Roman font, and the underlined layers are
Si-doped ton=831017 cm−3. The various values of W1(in-
jection barrier width) and W2 (exit barrier width) for the
three QCL designs are given in Table I. A section of the
calculated conduction band profile and active region electron
wave functions for sample 2060 are shown in Fig. 1. The
energy levels, wave functions, and dipole matrix elements
were calculated by solving the Schrödinger equation using a
one band model with an energy dependent effective mass.
The material parameters used in the Schrödinger simulations
areDEc=1.6 eV, electron effective massesm* =0.042m0 for
In0.53Ga0.47As andm* =0.125m0 for AlAs0.56Sb0.44, and non-
parabolicity coefficient for In0.53Ga0.47As, g=1.13
310−18 m−2.

The samples were grown onn+-InP s100d substrates by
molecular beam epitaxy using As2 and Sb2 group V species
with valved cracker sources. Growth interruption was em-
ployed at every interface while maintaining continuous As
flux to minimize fluctuations in composition across the het-
erointerfaces. Prior to growth of the QCL structures growth
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calibrations were made on the test superlattice structures
with similar barrier-well thickness in order to ensure good
lattice matching of all layers to the InP substrate. Full details
of the growth process can be found in Ref. 5.

The QCL wafers were processed by wet etching into
laser ridge structures 20mm wide and 1.5 mm long and sol-
dered epilayer-up to copper submounts without any facet
coatings. Nonalloyed Ti/Au top and bottom contacts were
used. Waveguide losses of around 5 cm−1 were measured for
the processed ridges by means of a Fabry–Pérot resonator
technique6 employing a commercial single model
,5.3 mm QCL (Alpes Laser) as the probe source. For char-
acterization of intersubband emission, the samples were
mounted onto the cold finger of a continuous flow helium
cryostat and driven at 10 kHz with 1ms long current pulses
to measure spontaneous emission and 100 ns pulses for laser
operation.

Devices from all three wafers displayed laser emission at
wavelengths close to the predicted values(Table I). This
good agreement confirms the reproducibility and reliability
of the growth process and provides confidence in the mate-
rials parameters used in the device design. As shown in Table
I, significant differences were observed in the threshold cur-
rent densities of the three samples, with the value for sample
2060 being much lower than that for either samples 2059 or
2061. Moreover no laser emission was observed for the 2059
and 2061 samples at temperatures higher than 140 K. This
shows how sensitively device performance depends on injec-
tion and exit barrier thicknesses. A narrow exit barrier helps
to extract electrons from the low levels of the active region
into the bridging region. The thickness of the exit barrier
s1.1 nmd for sample 2060 makes it comparable with the
thickness of the other barriers in the bridging region. Thus, in
this case the active region spans the whole period and the
design of this sample becomes similar to a “bound-to-
continuum” design,7 where the emission occurs between a

state localized close to the injection barrier and a miniband
of the “active region.” It has been shown7 that this design
produces better electron extraction efficiency from the low-
lying energy levels that are closest to the exit barrier. Our
results also suggest that the thickness of the injection barrier
(which controls the splitting energy between upper level in
the active region and lower level in bridging region) should
be less than about 2 nm in order to provide efficient injection
of electrons and maintain the intersubband population inver-
sion over a relatively wide range of applied voltage. Increas-
ing this barrier width from 2.1 to 2.7 nm results in a dramatic
decrease of this splitting energy from 2.8 meV to less than
1 meV making the tunneling probability into the upper level
of the active region much smaller. Further gradual reduction
of the injection barrier width seems to be an appropriate
change of the design for further improvement of laser
performance.8

The electroluminescence and laser spectra for the 2060
sample measured at temperatures of 20 and 240 K(the maxi-
mum temperature for laser emission for this sample) are
shown in Fig. 2. The spectra were measured with a Fourier-
transform spectrometer and liquid nitrogen-cooled mercury
cadmium telluride (MCT) detector using step scan and
lock-in detection techniques. Current-dependent full widths
at half maximum from 19 to 3 meV were measured for spon-
taneous emission spectra for current densities below the
threshold. As temperature increases from 20 to 240 K the
laser emission energy shifts down by 9 meV while its optical
intensity decreases by a factor of 100. This temperature limi-
tation is thought to mainly originate from thermal backfilling
of the lower laser levels in the active region by hot electrons
from the bridging region, which reduces the population in-
version. It is likely that increasing the energy width(about
80 meV) of the miniband in the bridging region either by
incorporating additional well-barrier pairs or modifying the
design for higher applied voltage could help to improve the
high temperature performance.

TABLE I. Summary of design parameters and characteristics of QCLs studied.

Sample
No.

Injection barrier
width sW1d snmd

Exit barrier width
sW2d snmd

ThresholdsT=20 Kd
current densityskA/cm2d

Wavelength of laser emission
(calculated wavelength) smmd

2059 2.1 1.7 9.3 4.3(4.05)
2060 2.1 1.1 5.9 4.36(4.2)
2061 2.7 1.4 22 4.35(4.18)

FIG. 1. Conduction band profile for sample 2060 under applied electric
fields of 93 kV/cm. The moduli squared of the relevant wave functions in
the active region are labeled 1, 2, and 3. The laser transition occurs from
level 3 to level 2. The lowest miniband in the injector region(schematically
shown by grey box) extracts electrons from the lowest levels(1 and 2) in the
active regions and injects them into the highest level(3) in the next active
region.

FIG. 2. Low temperaturesT=20 Kd spontaneous emission and laser spectra
for sample 2060. Current density kA/cm2: (1) −3.7, (2) −4.7, (3) −5.8, (4)
−6.2. High-temperature sT=240 Kd laser spectrum (5) taken at
16.2 kA/cm2.
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In Fig. 3 the voltage versus current and peak light output
power versus current characteristics of the 2060 sample at
different temperatures are plotted. It should be stressed that
electrical characteristics of all three samples are very robust
and they can easily sustain current densities of more than
20 kA/cm2 without any degradation. Laser peak powers of
up to 230 mW were detected at 20 K. The light was col-
lected with approximately 50% efficiency from only one
facet of the laser ridge and measured with a calibrated MCT
detector. The threshold current density at 20 K is measured
to be 5.9 kA/cm2 and increases up to about 15 kA/cm at
240 K. The characteristic temperaturesT0d value for I th

= I ths0dexpsT/T0d dependence defined between 140 and
240 K is found to be approximately 150 K(see Fig. 4). The
factor of 2.5 increase in the threshold current density as the
temperature is raised from 20 to 240 K is very similar to that
observed forl<5 mm InGaAs/AlInAs QCLs in which the
temperature dependence was shown to be solely due to the
increasing phonon population with temperature.9 This sug-
gests that thermally activated carrier leakage has a negligible
effect on threshold current densities in these structures.

In conclusion, we have demonstrated InP-based quantum
cascade lasers containing In0.53Ga0.47As–AlAs0.56Sb0.44 core
regions. Three samples with different injection and exit bar-
riers have been studied, all exhibiting very stable electrical
and optical characteristics. Peak optical laser powers of sev-

eral hundreds of milliwatts at 20 K have been detected for
the best sample. Laser emission from all samples has been
observed very close to the calculated wavelength ofl
,4.3mm.
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FIG. 3. Voltage and peak light power vs current characteristics of the
sample 2060 at various heat sink temperatures. FIG. 4. Threshold current density as a function of temperature for sample

2060. The solid line shows an exponential fit of data over the 140–240 K
range which gives a characteristic temperatureT0=150 K.
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