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The authors extracted the thermal resistance �RL=9.6 K/W� and the electrical power dependence
of the electronic temperature �Re=12.5 K/W� of Ga0.47In0.53As/Al0.62Ga0.38As1−xSbx

quantum-cascade lasers �QCLs� operating at 4.9 �m, in the lattice temperature range of 60–90 K.
The low electron-lattice coupling constant �=10.4 K cm2/kA can be related to the beneficial effect
of the high conduction band offset, peculiar to the GaInAs/AlGaAsSb material system, on the
electron leakage. The authors found an active region cross-plane thermal conductivity value
k�=1.8±0.1 W/ �K m�, which is approximately three times larger than that measured in QCLs with
GaInAs/AlInAs heterostructures. © 2007 American Institute of Physics. �DOI: 10.1063/1.2717018�

There is actually considerable interest to extend the op-
eration of quantum-cascade lasers �QCLs� in the 3–5 �m
band. The absorption lines of many important chemical com-
pounds fall in this spectral region. However, the operation of
GaInAs/AlInAs QCLs at shorter wavelengths is limited by
the available range of intersubband transition energies, typi-
cally �50% of the conduction band energy discontinuity.
Laser action in the range of 3–4.3 �m has been achieved by
using lattice-matched GaInAs/AlAsSb �Refs. 1 and 2� and
Ga0.47In0.53As/Al0.62Ga0.38As1−xSbx quaternary alloy
heterostructures.3

Recently, we have shown that in GaInAs/AlAsSb-based
QCLs, the interface configuration and the related band
alignment are strongly sample dependent, due to the
high sensitivity of the layer and interface quality to the
growth procedure.4 In this letter, we report on the simulta-
neous determination of the electronic and lattice tempera-
tures as a function of the electrical power �P� in
Ga0.47In0.53As/Al0.62Ga0.38As1−xSbx QCLs operating at
4.9 �m.3 In previous studies, we have experimentally as-
sessed the thermal and nonequilibrium electronic properties
in GaAs- and GaInAs-based QCLs.5–7 However, such an im-
portant piece of information is still lacking in Sb-based
QCLs.

The layer sequence in the active region of the investi-
gated device and the calculated conduction and valence band
structures are shown in Fig. 1.8 Twenty-five periods of alter-
nating active regions and injection regions were sandwiched
between two 400 nm thick GaInAs layers n doped to n=1
�1017 cm−3. The layer sequence was grown by molecular

beam epitaxy �MBE� without growth interruption on an
S-doped n-InP �001� substrate. After MBE growth, the
sample was transferred into a metal-organic vapor phase ep-
itaxy system to grow Si-doped InP layers �n=5�1017 cm−3,
20 nm; 2�1017 cm−3, 1300 nm; and 7�1018 cm−3,
1300 nm�, serving as the upper waveguide cladding and con-
tact layers. The InP substrate acts as a lower waveguide clad-
ding. Ridge waveguides 10 �m wide were defined using
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FIG. 1. �a� Conduction and �b� valence band structures of one period of the
active region calculated with a voltage drop of 400 mV per stage using a
self-consistent method based on the iterative solution of the Schrödinger and
Poisson coupled equations. Beginning with the leftmost injection barrier, the
layer thicknesses measured in nm are 2.5/1.7/1.0/4.6/1.0/4.3/2.0/3.2/1.1/3.0/
1.1/2.9/1.2/2.7� /1.2 /2.6� /1.2 /2.5� /1.3 /2.4� /1.4 /2.4. The numbers in bold refer
to barrier layers. The underlined layers are doped to n=2�1017 cm−3. The
shaded areas show the injector minibands.
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photolithography and chemically assisted ion-beam etching.
Subsequently, a 350 nm thick silicon nitride insulation layer
was deposited, and windows were opened for top Ge/Ni/Au
contact formation. Ti/Au layers have been then evaporated
on the top of the ridges and under the substrate. Finally, the
sidewalls and the top of the ridges have been covered with an
electroplated 2.5 �m thick gold layer. Laser bars 1 mm long
have been cleaved and epilayer-side mounted on copper
mounts. This allowed to achieve laser action up to 400 K in
pulsed mode and 73 K in continuous wave. A detailed de-
scription of the electrical and midinfrared optical character-
istics is reported in Ref. 3.

Band-to-band photoluminescence �PL� experiments were
carried out during device continuous wave operation. The
devices were mounted on the cold finger of a helium-flow
microcryostat. The heat sink temperature was kept at
TH=60 K, as measured by a Si diode mounted close to the
device and controlled by an active feedback system, includ-
ing an heater. The 647 nm line of a Kr+ laser was focused to
a 2.5 �m spot onto the laser front facet by using an optical
power density of 103 W/cm2. The PL signal was dispersed
using a 0.46 m monochromator and detected with a GaInAs
diode array detector cooled to 240 K.

Figure 2 shows a set of representative PL spectra mea-
sured at zero bias, at threshold for current injection, and in
the full conduction regime, as marked on the current-voltage
characteristic shown in the inset. For voltages in the range

V=0–6 V, the PL spectra show a single band peaked at
0.802 eV, ascribed to the band-to-band transitions involving
the upper GaInAs cladding layer. No evidence of signals
associated with defect levels localized at the interfaces4 is
present in our spectra. Also, PL bands related to transitions
involving the active region subbands are not visible. When
current flows in the device, an additional band located at
�1.37 eV appears. This band redshifts at �1.36 eV when
the full conduction regime is reached �V�10 V�, and its
intensity increases with the injected current.

The absence of signals associated with the active region
subbands at low voltages can be explained considering that
the InP and the GaInAs layers embedding the active region
core act as confinement ground state layers. To support this
assumption, we have selectively etched the whole sequence
of InP upper layers and �200 nm of the GaInAs upper clad-
ding from a small portion of the same unprocessed wafer.
The PL spectrum collected under the same experimental con-
ditions of the investigated lasers is reported in Fig. 2�b�.
While the signal coming from the GaInAs layer is still
present, an additional PL band located at �0.94 eV appears.
In order to associate the measured structures with the rel-
evant band-to-band transitions, we have compared our ex-
perimental results with band-structure calculations as a func-
tion of the applied voltage. Due to the uncertainty in the
chemical composition of the quaternary barrier, we have var-
ied the effective masses and the band-structure parameters,
allowing for a 15% fluctuation of their nominal values. The
comparison allows us to ascribe the band at 0.94 eV to
1→k transitions �k denoting valence subbands�. The PL
band peaked at �1.36–1.37 eV in Fig. 2�a� is ascribed to
transitions involving the injector ground state �j=4�, where
the vast majority of electrons sit in the full conduction
regime.4 No features related to transitions starting from the
upper laser level j=3 are visible in the investigated voltage
range, reflecting a negligible relative population of level
j=3 as compared with the ground injector level.

Figure 3�a� shows the voltage dependence of the 4→k
band. The peak energy of each band redshifts with P due to
Joule heating. The exponential decay on the high energy side
is proportional to exp�−E /kBTe�, where Te is the electronic
temperature of the conduction subband j=4. Clearly, the

FIG. 2. �a�: PL spectra measured at different applied voltages: 0, 8.9, and
10 V, as marked on the current-voltage characteristics shown in the inset.
The heat sink temperature is TH=60 K. The PL intensity in the range of
1.3–1.4 eV has been multiplied by a factor of 5. �b� PL spectrum measured
from the �001� surface of an unprocessed sample in which the whole se-
quence of InP upper layers and �200 nm of the InGaAs upper cladding
have been removed by wet etching. The energy ranges of the transitions 4
→k and 1→k between the conduction �j� and valence �k� subbands, calcu-
lated by varying the chemical composition �x� of the Al0.62Ga0.38As1−xSbx

barrier and the conduction and valence band offsets by �15%, are marked
on the figures.

FIG. 3. �a� Voltage dependence of the 4→k photoluminescence band, col-
lected at the heat sink temperature TH=60 K. �b� Electrical power depen-
dence of the lattice temperature ��� and electronic temperature Te of the
subband j=4 ��� measured in the center of the active region on the QCL
front facet at TH=60 K. The lines are linear fits to the data. The extrapolated
value of the temperature at P=0 W is due to the heating induced by the Kr+

probe laser. Inset: Electronic temperature increase as a function of the cur-
rent density measured at TH=60 K. T0=6.8 K is the constant temperature
shift due to the Kr+ laser heating.
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electronic temperature of the ground state injector subband
increases with P.

In order to extract the local temperature of the laser
facet, which is a close estimate of the internal temperature in
unipolar devices,7 we have used the redshift of the PL peaks
1→k and 4→k of Fig. 2 as a thermometric property. A
calibration curve has been obtained at zero current, measur-
ing the shift of the band 1→k as a function of TH. Assuming
that the energy of each subband scales equally with TH and
thus that the calibration curves of the PL bands 1→k and
4→k are rigidly shifted, we have compared the redshift of
the band 4→k with the measured calibration curve to extract
the local lattice temperature �TL�.

The electronic and lattice temperatures Te and TL are
plotted in Fig. 3�b� as a function of P. We found that the
electronic temperature of the ground state injector subband
j=4 increases linearly with P with a slope Re=12.5 K/W,
larger than the thermal resistance RL=dTL /dP=9.6 K/W.
From the measured Te and TL values, we extracted the
electron-lattice coupling constant �= �Te−TL� /J
=10.4 K cm2/kA. This value is significantly lower than that
reported in GaAs/AlxGa1−xAs mid-IR QCLs, where the
value �=29.0 K cm2/kA ��=44.7 K cm2/kA� was mea-
sured for x=0.45 �x=1�.9 Low � values correspond to large
electron-lattice coupling. The excellent electron-lattice cou-
pling found for the structures investigated in the present
work can be ascribed to the low electron leakage associated
with the high �1.2 eV� conduction band offset,9 peculiar to
the GaInAs/AlGaAsSb material system.

To compare the thermal properties of Sb-based QCLs
with devices based on different material systems, we have
extracted the cross-plane component of the active region
thermal conductivity �k��, which mainly influences the
device thermal resistance. Figure 4 shows the experimental
facet temperature profile measured for P=3.2 W. The
outcome of a two-dimensional steady state heat dissipation
model has been fitted to the experimental data by leaving
the anisotropic cross-plane thermal conductivity �k�� as

the only fitting parameter.10,11 We found the value
k�=1.8±0.1 W/ �K m� approximately three times larger
than that measured at TH=80 K in GaInAs/AlInAs
�k�=0.6 W/ �K m�� mid-IR QCLs.10 The above results can
be explained considering the relation

�k��−1 = � da

da + db
Ra +

db

da + db
Rb +

N

da + db
TBR�

between k�, the bulk resistivities of the materials �Ra,b�, and
the average thermal boundary resistance �TBR�.12 Here da,b
is the total thickness of GaInAs �a� and AlGaAsSb �b� layers
in the active region and N is the total number of interfaces.
Quaternary alloys are expected to have a lower thermal con-
ductivity than ternary alloys,12 but this has a negligible effect
on the thermal conductivity of QCL’s active regions. In fact,
the latter is mostly determined by the high density of inter-
faces and hence by the third term in the above expression for
�k��−1. Theoretical calculations predict that the TBR of
GaInAs/AlGaAsSb heterostructures at TH=80 K is about
a factor of 2 lower than that of GaInAs/AlInAs
heterostructures,12 due to the mismatch in the acoustic im-
pedances and phonon densities of states.12,13 Accordingly, the
computed GaInAs/AlGaAsSb thermal conductivity value is
�2.5 times larger than that of GaInAs/AlInAs QCLs, in
good agreement with our experimental results.
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FIG. 4. Experimental �symbols� and calculated �solid line� temperature pro-
files measured along the growth axis in the center of the QCL front facet
driven by a cw electrical power of 3.2 W, at TH=60 K. The shaded area
marks the active region layer.
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