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We report the demonstration of a terahertz quantum cascade laser based on the
In0.53Ga0.47As /GaAs0.51Sb0.49 type II material system. The combination of low effective electron
masses and a moderate conduction band offset makes this material system highly suitable for such
devices. The active region is a three-well phonon depopulation design and laser ridges have been
processed in a double-metal waveguide configuration. The devices exhibit a threshold current
density of 2 kA /cm2, provide peak optical powers of 1.8 mW, and operate up to 102 K. Emission
frequencies are in the range between 3.6 and 4.2 THz. © 2010 American Institute of Physics.
�doi:10.1063/1.3532106�

Quantum cascade lasers1 �QCLs� are promising sources
in the terahertz range, but their convenient use in applica-
tions, such as imaging2 or spectroscopy,3 is hampered by the
temperature performance of such devices.4 Demonstrated in
2002,5 a rapid development has pushed operating tempera-
tures far beyond liquid nitrogen.6 The last 5 years though
only have brought an improvement of 22 K and operating
temperatures are still not accessible by thermoelectric cool-
ers. The record temperature operation at 186 K �Ref. 7� has
been achieved by an optimization of the traditionally used
GaAs /Al0.15Ga0.85As material system for terahertz QCLs.
However, at present, room temperature operation does not
seem within reach by further optimization. All facts up to
now reinforce the impression that future research should
more and more focus on different concepts such as additional
confinement8 or other material systems with more favorable
material properties.4 For instance, in quantum dots, intersub-
band lifetimes of nanoseconds have recently been reported
for terahertz transition energies.9 In terms of the employed
material system, a larger optical phonon energy, such as in
GaN, would be highly desirable. In the midinfrared spectral
range, the InP-based InGaAs/InAlAs material system with its
low effective InGaAs electron mass and high conduction
band offset is the key for high performance QCLs, emitting
watts of light at room temperature.10,11 Hence, early attempts
have been made to transfer existing GaAs/AlGaAs active
region concepts for terahertz QCLs to this low effective mass
material system.12 However, devices showed poor perfor-
mance and subsequent improvement in design, growth, and
processing could not close the gap to their GaAs-based
predecessors.13 Despite the lower effective electron mass, the
high conduction band offset of 520 meV seems to compen-
sate this advantage because it requires subnanometer barriers
for engineering terahertz QCL active regions and conse-
quently makes it very sensitive to growth variations. There-

fore, the GaAs/AlGaAs material system is still the better
choice for terahertz QCLs due to the flexibility in barrier
heights provided by the inherent lattice matching conditions
and excellent growth quality with low background doping
densities.

Recently, optoelectronic intersubband devices based on
the In0.53Ga0.47As /GaAs0.51Sb0.49 type II material system
have been demonstrated including an Al-free midinfrared
quantum cascade laser,14 and quantum well infrared
detectors.15 The material parameters16 are indeed genuinely
attractive for terahertz QCLs: a lower conduction band offset
�compared to InAlAs barriers� of 360 meV, extracted from
intersubband absorption measurements, and low effective
electron masses, which are 0.043m0 and 0.045m0 for the
InGaAs wells and GaAsSb barriers, respectively. Key param-
eters for terahertz QCL active regions, such as the dipole
matrix element of the radiative transition as well as the upper
state lifetime, benefit from these low effective electron
masses.17 Larger dipole matrix elements directly translate
into optical gain and decreased longitudinal optical �LO�
phonon scattering rates result in an enhanced upper state life-
time, giving the prospect of higher temperature operation.
The clear advantage for terahertz QCLs though is the mod-
erate conduction band offset and the low effective electron
barrier mass, which allows for thicker barriers in the active
region. Consequently, the designed heterostructure becomes
less sensitive to growth imperfections than the previously
employed InGaAs/InAlAs material system. In addition, the
effective electron barrier mass is further reduced by the non-
parabolicity. Since the electrons tunnel deep in the quantum
wells and the band structure alignment is of type II, the va-
lence band influence on the effective mass is quite
significant.18 In fact, this causes a decreasing effective mass
for decreasing energies, which makes tunneling more effec-
tive for lower energies.

We have engineered a three-well19 In0.53Ga0.47As /
GaAs0.51Sb0.49 active region for terahertz emission with aa�Electronic mail: christoph.deutsch@tuwien.ac.at.
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one-dimensional Schrödinger solver. Figure 1�a� displays the
conduction band diagram at an applied electric field of 12
kV/cm. The optical transition between �4� and �3� has been
designed to be 15.3 meV. Anticrossing energies of 4 meV for
the injection and 5 meV for extraction path have been real-
ized. The energy difference between the excited and the
ground state in the widest well has been designed to be a few
meV larger than the LO phonon energy in InGaAs �34 meV�,
which guarantees an efficient depopulation due to fast elec-
tron LO phonon scattering.20 A homogeneous doping of n
=7.8�1015 cm−3 in this well gives a two-dimensional car-
rier concentration of 1.6�1010 cm−2 per module. Further-
more, we have performed transport simulations based on
nonequilibrium Green’s function �NEGF� theory,21 using the
same material parameters as for the Schrödinger solver. The
interface roughness has been assumed to be in the order of
�1 monolayer, which corresponds to a step height value of
�z=0.6 nm, and with a typical correlation length of 8 nm.21

Figure 1�b� illustrates the population inversion in the active
region and the gain/absorption curve is displayed in Fig.
1�c�, revealing a peak amplitude gain of 5.1 cm−1 at 18.1
meV. The slight discrepancy to the Schrödinger solver is
caused by the adaptation of the barrier height to a coarser
grid spacing for a reasonable computing time. The designed
heterostructure was grown by solid-source molecular beam
epitaxy15 and consists of 170 periods with contact layers

doped to n=7.2�1018 cm−3 above �50 nm� and underneath
�100 nm� the 9 �m thick active region. X-ray diffraction
measurements performed before processing, shown in Fig. 2,
confirmed the lattice-matched growth conditions and the unit
cell period of 58.9 nm.

The active region was processed in a double-metal con-
figuration since such a waveguide provides a modal overlap
factor with the active region of almost unity, reasonably low
losses, and high facet reflectivity. Ti/Au �10/1000 nm� bond-
ing layers were deposited on the device wafer and a GaAs n+
receptor wafer, followed by a thermocompression wafer
bonding step at 330 °C for 30 min under a constant pressure
of 70 bars. Subsequently, the device substrate �InP� was re-
moved by a combination of lapping and selective wet etch-
ing. Fabrication continued with standard lithography, defin-
ing the top metal layer, and a Ti/Au �10/800 nm�
metallization. Final etching was performed in a reactive ion
etching system using a SiCl4 :Ar environment and a 700 nm
silicon nitride mask was used as a protection for the top
metallization. In contrast to the majority of other reported
double-metal terahertz QCL fabrication techniques both fac-
ets were also defined by lithography and dry-etching. The
inset in Fig. 2 shows the high quality of the facets in such
processed devices.

Devices were indium soldered on copper sample carri-
ers, wire bonded, and mounted on a temperature controlled
cold finger of a liquid helium flow cryostat equipped with a
wedged TPX �polymethylpentene� window. The terahertz ra-
diation was collected with an off-axis parabolic mirror de-
tected with a liquid helium cooled silicon bolometer and
measured with a lock-in amplifier. For absolute power values
an Ophir 3A-SH thermopile power meter was used to cali-
brate the bolometer signal. The device was operated in
pulsed mode with 300 ns long pulses at a repetition rate of
1.03 kHz for voltage versus current �IV� and light versus
current �LI� characteristics. Spectra were recorded with a
Bruker Vertex 80 Fourier transform infrared spectrometer
with a resolution of 0.075 cm−1 and with an increased rep-
etition rate of 10 kHz. Figure 3 displays the LIV character-
istic of 1 mm long and 40 �m wide ridge device. At 8 K the
threshold current density is 2 kA /cm2 and the peak optical
output power is 1.8 mW �not corrected for collection effi-
ciency�. This output power is a promising value compared to
GaAs-based terahertz QCLs with similar pumping areas and

FIG. 1. �Color online� �a� Conduction band diagram of the three-well struc-
ture using a one-dimensional Schrödinger solver at an operating bias of 12
kV/cm. The radiative transition occurs from �4�→ �3� �E43=15.3 meV, f
=3.7 THz�. The energy gap for resonant depletion �E32→1=41 meV� is
slightly larger than the bulk In0.53Ga0.47As LO phonon energy of 34 meV.
The layer sequence in nanometer, starting from the injection barrier, is 2.4/
12.5/0.9/11.7/2.6/21.0 with the barriers indicated in bold fonts. The under-
lined 21.0 nm well is homogeneously doped to n=7.8�1015 cm−3. �b� Con-
tour plot of the energy resolved electron density in one module and �c�
absorption/gain amplitude calculated with an NEGF transport code.

FIG. 2. �Color online� X-ray �004� rocking curve of the laser before pro-
cessing. The inset shows a close-up of a facet, indicating the good quality of
the dry-etched sidewalls.
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facet dimensions. The spectra of the device are presented in
the inset of Fig. 3 and show multiple modes between 3.6 and
4.2 THz, which is in good agreement with the calculated
optical transition energy of 15.3 meV �f=3.7 THz� in the
band structure simulation and also confirms the validity of
the used parameters for the In0.53Ga0.47As /GaAs0.51Sb0.49
material system. The observed blue-shift at higher bias
points and the relatively broad spectral range of lasing modes
��0.6 THz� are likely to originate from the diagonal optical
transition. This broad gain is also predicted by the NEGF
simulation �see Fig. 1�c��. Figure 4 displays the temperature
dependence. The device shows lasing up to a heat-sink tem-
perature of 102 K and the phenomenological expression
J0+J1exp�T /T0� for fitting Jth revealed a value of 24 K
for T0.

The measured threshold current density for this structure
is quite high; however, it has to be mentioned that this initial
design already showed lasing. The high threshold current
could be due to a too high doping concentration or a slightly

imperfect design. The IV shows a pronounced kink below
threshold at 5 V, which is attributed to the alignment of �1��
with �2�. A revised design with lower anticrossing of these
two states should decrease this current channel and hence
decrease the threshold.7

In conclusion, we realized the first terahertz quantum
cascade lasers in the In0.53Ga0.47As /GaAs0.51Sb0.49 type II
material system emitting around 3.9 THz. A reasonable
device performance up to a heat-sink temperature of 102 K
and a peak optical power as high as 1.8 mW proves that
this InP-based heterostructure with its low effective masses
and moderate conduction band offset also has a lot of poten-
tial in the terahertz range. Next generation devices with
lower thresholds through refined active region designs,
better growth quality, and improved processing have a
good prospect of being competitive to state-of-the-art
GaAs /Al0.15Ga0.85As terahertz QCLs.
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FIG. 3. �Color online� Pulsed �300 ns, 1.03 kHz� optical power and voltage
vs current density characteristics of a ridge laser at a heat-sink temperature
of 7 K. The inset shows two representative spectra.

FIG. 4. �Color online� Peak optical power vs current density characteristics
at various heat-sink temperatures emitted from a 1.0 mm long and 40 �m
wide ridge waveguide. The device was operated under pulsed conditions
�300 ns, 1.03 kHz�. The inset illustrates the increased threshold current
density at elevated temperatures and the commonly used phenomenological
fit expression Jth=J0+J1exp�T /T0� gives a value of 24 K for T0.
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