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We present the pulsed operation at room temperature of different strained InGaAs/AllnAs
quantum-cascade lasers grown by low-pressure metalorganic vapor-phase epitaxy. Devices based on
a bound-to-continuum transition design have threshold current densities in pulsed mode as low as
1.84 kA/cm? at 300 K. Identical lasers grown at higher rate (0.5 nm/s) also have threshold current
densities lower than 2 kA/cm? at 300 K. Buried heterostructure lasers based on a double phonon
resonance design were operated in continuous mode up to 280 K. Overall, the performance obtained
from strained quantum cascade lasers deposited by metalorganic vapor-phase epitaxy are
comparable with that of similar structures grown by molecular beam epitaxy. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2166206]

Quantum cascade lasers (QCLs) are the light source of
choice for many potential applications such as gas sensing in
the midinfrared." State-of-the-art QCLs have indeed demon-
strated large tunability, low-threshold, and high-power in
continuous mode (cw) at room temperature.z’3 The devices
which exhibit the best performance have been so far grown
by molecular beam epitaxy (MBE). This fabrication tech-
nique provides several advantages, such as the ease to form
abrupt interfaces, but is not suitable for low-cost, high
throughput production. On the contrary, low-pressure metal-
organic vapor-phase epitaxy (MOVPE) is a well-established
technology fitting the requirements of large scale groduction,
especially since high growth rates are possible.4_ However,
it is still necessary to demonstrate that MOVPE- and MBE-
grown QCLs can have similar performance particularly since
the control of interface abruptness is more challenging by
MOVPE. QCLs fabricated using the latter technique have
already been operated recently at room-temperature in pulsed
mode. The threshold current densities for these lattice-
matched devices were low, i.e., between 2.4 and 3 kA/cm? at
300 K and the emission wavelength longer than 7.2 ,u,m.4’6
Structures at shorter wavelengths require in order to achieve
high performance at room temperature, the use of strain-
balanced material because of the large band discontinuity
available.”

This letter reports on the fabrication of strained QC la-
sers grown by MOVPE working in pulsed mode above
320 K. Threshold current density as low as 1.84 kA/cm? at
300 K and characteristic temperature 7, close to 200 K were
obtained from devices based on a bound-to-continuum de-
sign. Another sample based on a double phonon resonance
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design worked in cw up to 280 K. More than 80 mW output
power was delivered by the device in cw mode at 243 K.

Three strained QC structures were deposited on highly
doped substrate by low pressure (76 Torr) MOVPE. The pa-
rameters were identical to those used for the growth of the
lattice-matched QCLs reported in Refs. 5 and 6. The flows of
triethylgallium and trimethylaluminium were simply ad-
justed to form the strained Ing¢Gag,As and Aljsglng 44AS
alloys. The active region of the first two samples investigated
is based on a bound-to-continuum design previously reported
by Blaser ef al.” and was deposited at a slow (0.1 nm/s) and
a fast (0.5 nm/s) rate. The doping in the injector was kept
low (1X10'7 cm® to limit the waveguide losses. Thirty
stages were grown and embedded between 0.3-um-thick In—
GaAs guiding layers doped 3 X 10'® cm?, in addition to
3-um-thick InP cladding layers doped 1X10'7 cm?. Step-
graded 30-nm-thick InGaAsP layers were inserted at the
InP-InGaAs interfaces to reduce series resistance. The
growth ended with a 0.5-um-thick InP layer doped
110" cm? for plasmon-enhanced optical confinement and
reduced losses, followed by highly doped contact layers. The
deposition rate, except in the active region was kept constant
at a value of 0.5 nm/s. The third structure studied in this
letter replicates the lasers described in Refs. 8 and 9 based on
a double phonon resonance design. Our sample comprises 30
stages and the waveguide is similar to the one described
earlier.

Figure 1 shows the x-ray diffraction spectra of the two
QCLs based on a bound-to-continuum design, together with
the results of simulations. The comparison between the dif-
ferent patterns clearly shows very similar diffraction spectra,
no noticeable degradation of the crystal quality as the growth
rate changes and an excellent reproducibility of the structure
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FIG. 1. Comparison between simulations and x-ray diffraction spectra of the
fast- and slow-grown bound-to-continuum QCL measured along the (004)
crystal direction. The curves are shifted for clarity.

from one run to the other. For both samples, the zeroth order
peak due to the periodicity of the superlattice is very close to
the InP substrate peak, which indicates only a slight lattice
mismatch in the structures. The average length of the QC
stages can be deduced from the different spectra. The period
of the active region is 49.3 and 49.7 nm for the slow- and
fast-grown structures, respectively, which is in both cases
thinner than the targeted thickness (50.6 nm). This observa-
tion is consistent with the fact that the emission wavelength
of our lasers is blueshifted with respect to the original design
[4.98 um vs 5.4 um, see the inset of Fig. 2(a)].

Ridge waveguide lasers were fabricated using conven-
tional processing techniques. The samples were cleaved
manually, soldered ridge side-up with indium onto gold-
plated copper heatsinks and finally wire bonded. After fabri-
cation, the lasers were mounted into a temperature-controlled
LN,-cooled flow cryostat. Current pulses (163 ns) at a fre-
quency of 92 kHz, corresponding to a duty cycle of 1.5%,
were supplied to the lasers. For measurements in continuous
mode, the devices were mounted on a Peltier cooler installed
in a purged box. The light from the laser facet was collected
by f/1 optics and sent either onto a calibrated thermopile
detector for power measurements or into a Fourier-transform
infrared spectrometer equipped with a deuterated triglycine
sulphate detector for spectral characterization.

Figure 2(a) shows the voltage and the light-intensity ver-
sus current (VI and LI) curves of a 1.9-mm-long and
16-um-wide laser fabricated from the slow-grown material.
The maximum emitted peak power was 156 and 51 mW with
a slope efficiency dP/dl equal to 564 and 380 mW/A at,
respectively, 243 and 300 K. The inset of Fig. 2(a) shows
typical spectra obtained close to threshold.

The threshold current density j,; measured in pulsed
mode is plotted as function of temperature in Fig. 2(b) for
the fast- and slow-grown samples. In both cases, the lasers
worked at temperatures above 320 K and the characteristic
temperature 7, which describes the behavior of the thresh-
old current versus temperature was close to 200 K. For the
slow-grown device, j,, ranges from 1.39 to 2.07 kA/cm? be-
tween 243 and 320 K and is close to the values obtained in
Ref. 3. In this letter indeed, a threshold current density of
1.38 kA/cm? was reported for a 3-mm-long device operated
in continuous mode at a heatsink temperature T, of 243 K.
The latter corresponds to a temperature in the active region
Toct=Tgink+ Tejec Rin close to 266 K, given the electric power
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FIG. 2. Summary of the data obtained with the lasers based on a bound-to-
continuum transition design in pulsed mode. (a) VI/LI curves and optical
spectra close to threshold (inset) taken at 243 and 300 K with the slow
grown sample. (b) Threshold current density vs temperature for the slow-
and fast-grown QCLs. Note that the latter has a cavity length 31% longer
than the slow-grown laser. The curves correspond to the usual exponential fit
Jw=Jjoexp(T/Ty).

P of 3.75 W and the thermal resistance of Ry, 6.3 K/W
measured by Blaser er al. Assuming that heating effects are
negligible in pulsed mode, we can expect for their device a
pulsed threshold of 1.38 kA/cm? at about 266 K. This is
only 15% lower than the threshold current density of the
slow-grown QCL investigated in the present letter. This dif-
ference would be even smaller lasers of equal length were
compared.

As shown in Fig. 2(b), the threshold current density of
the fast-grown lasers is less than 2 kA/cm? up to 304 K and
the characteristic temperature 7y reaches 185 K. This result
is remarkable given the high deposition rate (0.5 nm/s) used
during the growth of the sample. However, the difference in
terms of performance between the slow- and fast-grown
QCLs is not negligible, although the curves in Fig. 2(b) sug-
gest the contrary. It is due to the fact that the cavity length of
the fast-grown QCL was longer (2.52 mm) than in the case
of the slow-grown sample. If both lasers would have been
cleaved in exactly 2-mm-long bars, the difference in thresh-
old current density would be about 20% higher. Note that the
measured slope efficiency is only 232 mW/A for the fast
grown samples.

The QC sample based on a double phonon resonance
design was processed into narrow-stripe buried heterostruc-
ture lasers. In this case, the active region is surrounded by
insulating InP doped with Fe, lowering the thermal resistance
of the device and allowing continuous wave operation at
high temperatures. To reduce the thermal resistance even fur-
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FIG. 3. Summary of the data obtained with the structure based on a four
quantum wells transition design in pulsed and continuous mode. (a) VI and
LI taken at different temperatures in continuous mode after the evaporation
of a HR coating on the backfacet. The inset shows the optical spectra mea-
sured close to threshold at 243 K. (b) Threshold current density as a func-
tion of the heatsink temperature in pulsed and continuous mode, respectively
without and with a high-reflection coating. The curves correspond to the
usual exponential fit jy,=j,exp(T/T).

ther, a thick layer of gold was electroplated onto the usual
Ti/Au top contact. The best results were obtained with a
7-pm-wide and 2-mm-long laser mounted junction-up,
which operated at temperatures above 320 K in pulsed mode.
The measured slope efficiency with a 1.5% duty cycle
reached 636 mW/A at 243 K and 339 mW/A at 320 K. The
device could be operated in continuous mode at 243 K. The
temperature range accessible was, however, limited since the
cw threshold current density (3.29 kA/cm? at 243 K) was
fairly close to the injection current at which the roll-over of
the output power takes place (3.74 kA/cm? at 243 K). The
maximum intensity was 6.6 mW and the slope efficiency
172 mW/A. A high-reflection (HR) coating consisting
of 175 nm Al,O; and 30 nm Au was deposited on the
backfacet of the laser and helped to reduce the cw threshold
current density. The value of the Ilatter dropped to
2.61 kA/cm? at 243 K and the maximum cw temperature
operation of the laser increased up to 280 K. Figure
3(a) shows the cw VI-LI curves of the device after the
evaporation of the HR coating. The intensity reached 81 mW
(dP/dI=657 mW/A) at 243 K and was still 8 mW (dP/dI
=257 mW/A) at 273 K. The inset of Fig. 3(a) shows a typi-
cal spectrum obtained if the laser is operated slightly above
threshold in cw mode. At 243 K, the emission wavelength is
1954 cm™ (5.11 um), which is in quite good agreement
with the expected value of (5.3 um).®

The threshold current densities obtained in pulsed and
cw mode at different temperatures are displayed in Fig. 3(b).
Note that the measurements shown were taken without
(pulsed mode) and with (cw) the HR coating on the back-
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facet of the laser. From an exponential fit of the data, the
characteristic temperature 7, can be deduced. It yields 207
and 111 K in pulsed and cw mode, respectively. The thermal
resistance Ry, of the device can be estimated at 243 K by
comparing the threshold current density in cw obtained with-
out HR coating (3.29 kA/cm?) and the pulsed measurements
displayed in Fig. 3(b). This leads to a value of Ry, equal to
14.5 K/W corresponding to a thermal conductance Gy,
=516 W/K cm™2. From the change of current density before
and after the deposition of the HR coating, the waveguide
losses can be estimated and yield 9.7 cm™'. The perfor-
mances reported in Figs. 3(a) and 3(b) are similar to those
reported in Refs. 8 and 9 although a direct comparison is not
as straight-forward as in the case of the bound-to-continuum
samples. Slightly lower performance is however, anticipated
for the MOVPE-grown lasers since the linewidth of the elec-
troluminescence peak measured at room temperature is
broader (36 meV) than the corresponding value (25 meV)
found in Ref. 8 and 9.

In conclusion our results demonstrate the realization of
strained QCLs based on a bound-to-continuum design which
operate in pulsed mode above 320 K with a very low thresh-
old current density. Devices based on a double phonon reso-
nance design and processed into buried heterostructures la-
sers worked in continuous wave up to 280 K. The results
presented in this letter are comparable with those of equiva-
lent structures grown by molecular beam epitaxy. The per-
formance level can be improved in many ways, including the
optimization of the processing of buried heterostructure de-
vices as well as the doping in the active region. It will allow
without doubts the cw operation at 300 K of these lasers.
Another remarkable finding is the low threshold current den-
sities (less than 2 kA/cm?) measured at room temperature
with lasers deposited at a high growth rate of 0.5 nm/s.
Altogether, the results presented in this letter demonstrate
that MOVPE is a viable solution to grow high performance
low-threshold strained QCLs operating in cw at room
temperature.
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