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We demonstrate quantum cascade lasers in the InAs/AlSb material system which operate up to
333K (in pulsed regime) at 1 =17.8 um. They employ metal-metal optical waveguides and the

threshold current density is 1.6 kA/cm?

at 78 K. We also report distributed-feedback devices

obtained using the same laser material via a 1%-order Bragg grating inscribed in the sole top metal-
lic contact. Spectral single mode operation with more than 20dB side mode suppression ratio is
achieved at a temperature of 300 K. Large wavelength tuning rates, of the order of 1.5 nm/K, are
demonstrated. A wavelength coverage of 0.38 um is achieved in single-mode regime over a temper-
ature range of 255 K. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895763]

The 4th atmospheric transparency window, located in the
16 um-30 um wavelength range, motivates the development
of efficient laser devices in this spectral region. Quantum cas-
cade (QC) lasers in the InAs/AISb material system and oper-
ating at long-infrared (long-IR) wavelengths represent a very
interesting solution due to the low electronic effective mass
of InAs (0.023-mg; my is the electron mass), which provides
elevated optical gains."* As shown in Ref. 3, the low elec-
tronic effective mass in the InAs wells leads to extremely low
threshold current densities and almost room-temperature
(RT) operation at 4 > 19 um. We have also shown that in this
wavelength range metal-metal (MM) waveguides,* which are
typically employed for THz lasers,® are very efficient and
yield reasonable far-fields (FFs), contrary to what is experi-
enced at THz frequencies.” Since applications such as trace
gas-sensing, high resolution spectroscopy, or heterodyne
detection require single mode longitudinal operation, the next
relevant development is the implementation of efficient dis-
tributed feedback (DFB) lasers.

On one hand, the use of metallic top gratings for
surface-plasmon mid-IR DFB QC lasers has been demon-
strated in Refs. 6 and 7. On the other hand, 1D and 2D pho-
tonic crystal THz QC lasers are based on the sole patterning
of the top metallization.*'" In this letter, we build on this
know-how to realize long-IR DFB InAs/AISb QC lasers
operating at A =17-18 um.

The semiconductor sample was grown on an n-InAs sub-
strate, in a Riber Compact 21 solid source molecular beam
epitaxy (MBE) reactor. A double etch-stop layer section com-
posed of AlAsSb/InAs/AISb (200/100/5nm) was grown
before the active region (AR) to enable a selective substrate
removal for the implementation of a MM waveguide geome-
try. At these long-IR wavelengths, MM waveguides are a
good alternative to standard dielectric ones employed at
shorter mid-IR wavelengths. They also have the advantage of

YE-mail: adel.bousseksou@u-psud.fr
PE-mail: roland.teissier@ies.univ-montp2.fr
“E-mail: raffaele.colombelli@u-psud.fr

0003-6951/2014/105(11)/111118/4/$30.00

105, 111118-1

practicality since they avoid the growth of very thick semi-
conductor cladding layers whose thickness scales with the
wavelength.

The laser contains 72 repetitions of the AR for a total
thickness of 7 um. The detailed layer sequence is (beginning
with the injection barrier, layer thickness in Angstroms): 18/
139/1.5/111/1.5/102/3/99/6/91/6/85/6/84/9/84/12/90/15/91.
Bold numbers refer to AISb barriers, and the underlined
layers are n-doped with silicon to 3 x 10'” cm ™. The AR is
based on the design reported in Ref. 3—a 4-quantum-well
active region with a direct radiative transition—with the fol-
lowing changes: an 8% increase of the InAs wells width, a
10% higher doping level, and a reduction of 3 A of the AISb
injector barrier thickness. The latter modification has been
introduced in order to increase the maximum current density,
since the limited dynamical range was a limiting factor for
the maximum operating temperature (T,,,5) in our previous
structure design.” As described in Ref. 12, the maximum cur-
rent flow through the injection barrier can be partially con-
trolled by the minimum energy splitting (Q) between the
ground state of the injector and the upper level of the radia-
tive transition. Reducing the thickness barrier leads to higher
Q. As a consequence, a higher maximum current density can
be achieved.

The calculated losses of the Fabry-Pérot (FP) waveguide
are o~ 20cm~'. We have also estimated the facet reflectivity
at 30%. This value is not far from what expected in a standard
dielectric waveguide, since the optical thickness of the active
region (7 um physical thickness) is larger than the wave-
length. These values for facet reflectivity and waveguide
losses are similar to our previous results in Ref. 3. FP laser
ridge resonators have been fabricated in a metal-metal wave-
guide geometry using the same protocol as in Ref. 3. The
optoelectronic characterisation of a typical FP laser in pulsed
mode is reported in Fig. 1. The laser operates up to a Ty« of
333 K, which is the highest reported value for QC lasers in
this wavelength range. The increase of the maximum operat-
ing temperature is mainly due to the higher maximum current
density in our laser device. The emission wavelength is

© 2014 AIP Publishing LLC
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FIG. 1. Experimental results obtained on a FP sample under pulsed current
injection (50ns pulse width and 84 kHz repetition rate) using a FTIR
equipped with an external Mercury Cadmium Telluride detector. The laser
ridge dimensions are 1.5mm x 22.8 um. The output power was calibrated
using a high sensitivity thermopile (OPHIR 3 A-SH). The laser output was
coupled to the power-meter through a ZnSe cryostat window (4 mm thick)
and with two lenses (ZnSe 2 in. diameter, 1.5 in. focal and KBr 2 in. diameter
and 2 in. focal). The uncorrected output peak power is the peak power col-
lected from a single laser facet as it comes at the surface of the detector, no
power correction is applied to overcome the optical absorption of optical
windows and lenses used in our setup. We estimate that the transmission of
our the optical setup is about 30% at 17-18 um wavelength. (a) Current-
Voltage and current-optical peak power characteristics at different heat-sink
temperatures. (b) Emission spectra acquired at different heat-sink tempera-
tures above laser threshold. The spectral resolution is 0.125cm ™.

centered at A=17.37um at 78K, and it red-shifts to
A=17.75 um at RT (see typical spectra in Fig. 1(b)). The
threshold current density (Jy,) at 78K is 1.6 kA/cm®. This
value is higher than in the previous active region design
(Ji=0.6kA/cm?). It mainly stems from an increased non-
radiative leakage current channel, as described in Ref. 12.
Metal-metal waveguides ideally suit the implementation
of 1D and 2D photonic crystals via the sole patterning of the
top metallization.®'® Here, our goal is the implementation of
a 1*"-order DFB grating. We have numerically simulated the
field distribution (Fig. 2(a)) and the losses (Fig. 2(b)) as a
function of the metal filling factor (ff) of the band-edge states
at the Ist-order gap, where a Ist-order DFB laser operates.
Contrary to what was observed for surface-plasmon mid-IR
QC lasers,"*'* where the grating induces the appearance of a
low-loss mode, the field distributions and optical losses of
the two modes are here very similar. This stems from the
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FIG. 2. 2D modeling of DFB devices (in-plane propagation direction). The
calculations have been performed with a finite element based software in a
single unit cell (i.e., one period of the grating), with Bloch periodic bound-
ary conditions applied on the sides. (a) The figure shows the electromagnetic
field intensity distribution of the symmetric and anti-symmetric modes along
the x-z surface, for a grating with ff=0.5. (b) Calculated optical mode losses
of modes #1 and #2 as a function of the grating filling factor ff. The grating
period is A = 2.4 um. ff= 0 corresponds to no metallization of the device top
surface. ff=1 corresponds to full, unpatterned metallization.

presence of the bottom metallic ground plane. The calculated
losses, reported in Fig. 2(b), are very similar for the two
modes, regardless of the grating filling-factor ff. Figure 2(b)
shows that there is a weak optimum point for a grating with

ff=0.7. However, practical and technological reasons led us

to choose ff= 0.5 in the present study.

The DFB device fabrication starts with Au-Au thermo-
compressive wafer-bonding onto an InAs carrier wafer, fol-
lowed by substrate and stop-layers removal with citric acid
and an HCI/H,O,/H,O solution, respectively. The DFB
metal grating was implemented via electron-beam lithogra-
phy followed by Ti/Au (3/80 nm) metal coating and lift off.

25-35 um-wide laser ridges were defined by contact op-
tical lithography followed by wet chemical etching. An insu-
lating layer (300nm of SizN,) was deposited by plasma
enhanced chemical vapor deposition, and then opened on top
of the ridges with reactive-ion etching. The deposition of the
side top contact (Ti/Au), followed by sample thinning and
back-contact metallization concludes the processing. Figure
3 shows a colorized scanning electron microscopy observa-
tion of a typical DFB device facet with ff=0.5.

Figure 4 shows spectra, current-voltage (I-V), and current-
output power (I-L) characteristics—in pulsed regime—from a
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FIG. 3. The image shows a colorized scanning electron microscope image
of the cleaved facet of a typical DFB laser. The red section corresponds to
the active region (7 um thick), the yellow ones to the Ti/Au metallic layers,
and the blue section highlights the silicon nitride insulating layer.

typical DFB laser. The grating period is A =2.634 um. The
laser operates up to Tp,.x =333 K and the laser threshold at
78K is ~2kA/cm?. The threshold increases with respect to the
FP devices cannot be attributed to higher waveguide losses,

Sa) Current Density (kA/cm?)
1.2
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since there is no significant difference in waveguide losses
between DFB and FP cavities. The comparison of the calcu-
lated waveguide losses (2D calculation) is reported in Fig. 2(b)
and it shows a maximum difference of 2cm ™' between a fully
metallic waveguide and the lowest losses of a DFB resonator.
We attribute, therefore, the observed threshold increase to (i)
fabrication issues and (ii) mostly to a nonideal superposition
between the active region peak gain and the Bragg grating
mode of the DFB device. In fact, a comparison between the
(central) emission wavelength of the FP and of the DFB devi-
ces (Figs. 1(b) and 4(b)) at a given temperature reveals a wave-
length of about ~0.15 um at 333 K. Nevertheless, the T, is
not drastically affected by the threshold increase.

As shown in Fig. 4(b), the laser spectra exhibit mono-
mode operation with a Side Mode Suppression Ratio
(SMSR) higher than 30 dB at 78 K (Fig. 4(c)). We also meas-
ured a SMSR higher than 20 dB at 300 K (data not shown). It
is important to highlight that a single laser device shows con-
tinuous wavelength single mode tuning of 0.38 um across a
temperature span of 255K (shown in Fig. 4(b)). The meas-
ured tuning rate as a function of the temperature is 1.5 nm/K,
which leads to a refractive index variation of 2.85 x 10%/K.
This value is in very good agreement with values given for
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FIG. 4. Experimental results obtained on a DFB laser under pulsed current injection (50 ns pulse duration and 84 kHz repetition rate) using a Fourier transform
IR spectrometer equipped with an MCT detector. The laser ridge dimensions are 1 mm x 30 um. (a) I-V and I-L characteristics at different heat-sink tempera-
tures. (b) Emission spectra acquired at different heat-sink temperatures above laser threshold. (c) Emitted spectrum in logarithmic scale at a temperature of

78 K. The spectral resolution is 0.125cm ™.



Chastanet et al.

(a)

111118-4

Ol (degrees)

40

= N

a (degrees)

20 40

B (Odegrees)

FIG. 5. Experimental far-field emission pattern of the FP (panel a) and of
the DFB (panel b) lasers. The measurements are performed at 296 K using a
liquid nitrogen cooled MCT detector. The setup maximum angular resolu-
tion is 0.57°. However, the far-fields have been acquired in steps of 3° along
f and 1° along o.

InAs at A~ 18 um in Ref. 13. This tuning rate value is higher
than for the InGaAs/AllnAs-on-InP material system
(=~0.4nm/K (Ref. 7)) and—crucially—it is close to the tun-
ing rate of the peak gain as a function of temperature. This
feature allows one to tune the DFB laser across a wide tem-
perature range while ensuring single-mode operation. In
other words, a single DFB device can cover a very wide
wavelength range.

As a final characterization, we measured the FF emis-
sion patterns of the FP and DFB laser devices. The measure-
ments were performed sweeping a liquid-nitrogen-cooled
Mercury Cadmium Telluride detector on a 10-cm-radius
sphere centered on the device facet. The angular resolution
is ~0.57°, but—to limit the acquisition time—the FFs have
been acquired with 3° resolution along the vertical facet axis
and with 1° resolution along the horizontal facet axis (see
Fig. 5 for angular direction definitions). The measurements
reveal that both devices operate on the fundamental TMy
mode at room temperature. The FFs display a Gaussian-like
pattern with similar divergences of 40° x 90°.

In conclusion, we have demonstrated high temperature
operation of InAs based long-IR (A~ 17.8 um) QC lasers
based on metal-metal optical waveguides. We have demon-
strated single mode operation of 1%-order DFB devices

Appl. Phys. Lett. 105, 111118 (2014)

obtained with the sole periodic patterning of the top metalliza-
tion. The devices exhibit a side mode suppression ratio of
30dB at 78 K (>20dB at room temperature). A single DFB
laser device achieves continuous wavelength tuning with tem-
perature from A=17.37 to A=17.75 um. The tuning rate is
1.5nm/K over the whole range 78 K—333 K, and the device
far-field is always well behaved. Such a wide tuning range
could be particularly useful for spectroscopy applications.
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