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In  this  paper  ∼16  �m-emitting  multimode  InP-related  quantum  cascade  lasers  are presented  with  the
maximum  operating  temperature  373  K, peak  and  average  optical  power  equal  to  720  mW  and  4.8  mW  at
303 K,  respectively,  and  the  characteristic  temperature  (T0)  272  K. Two  types  of  the  lasers  were  fabricated
and characterized:  the  lasers  with  a  SiO2 layer  left  untouched  in  the area  of  the  metal-free  window  on
top  of  the  ridge,  and  the lasers  with the SiO2 layer  removed  from  the  metal-free  window  area.  Dual-
wavelength  operation  was obtained,  at  � ∼ 15.6  �m  (641  cm−1) and  at  �  ∼  16.6  �m  (602  cm−1)  for  lasers
uantum cascade lasers
iO2 layer
nP

with SiO2 removed,  while  within  the emission  spectrum  of  the  lasers  with  SiO2 left  untouched  only  the
former  lasing  peak  was  present.  The  parameters  of these  devices  like  threshold  current,  optical  power
and emission  wavelength  are  compared.  Lasers  without  the  SiO2 layer  showed  ∼15%  lower  threshold
current  than  these  ones with  the  SiO2 layer.  The  optical  powers  for  lasers  without  SiO2 layer  were  almost
twice  higher  than  for  the  lasers  with  the  SiO2 layer  on the  top  of  the  ridge.

© 2017  Association  of Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
. Introduction

Quantum cascade lasers (QCLs) are unipolar sources of coherent
adiation known since 1994 [1], with operation based on tunnel-
ng transport of carriers and intersubband optical transitions. They

ay  be fabricated on the basis of many different types of epitaxial
emiconductor structures, though mainly based on III–V materi-
ls. QCLs’ operating wavelengths span both mid-infrared (MIR) and
ar-infrared regions, with the exception of the reststrahlen band
hich for III–Vs lies in the 20–60 �m range. Among the III–V-

elated QCLs the InP-based ones proved to be particularly effective
ources of radiation both in MIR  [2–4] and THz region [2,5–7]. The
CLs emitting in MIR  wavelength range up to 12 �m are effec-

ive radiation sources, perfectly matching the requirements of gas
etection systems [8]. However, for longer wavelengths, i.e., when
e move toward the reststrahlen region, the QCLs’ technology is
ore and more demanding. Only recently, the room-temperature

ontinuous-wave 15-�m-emitting InAs-based QCLs have been pre-
ented by Baranov et al. [9]. Generally, however, for 12–20 �m
avelengths only limited performance has been demonstrated for

igh power QCL operation at room temperature, despite the exist-

ng strategic application areas [10]. In particular, in the 12–16 �m
avelength region, large organic hydrocarbon molecules like the
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BTX aromatic compounds (benzene, toluene and isomers of xylene)
[11], that are very important for petroleum refining and petrochem-
ical industries [8], can be detected. Longer-wavelength sources
would also be valuable for radio-astronomy as local oscillators in
heterodyne detectors [8].

2. Experimental work

This paper deals with � ∼ 16 �m-emitting InP-related QCLs
operating at room temperature. Its InGaAs/InAlAs structure, which
is based on a bound-to-continuum design, generally follows the
construction by Rochat et al. [8]. The InP-related structure was
grown by gas-source molecular-beam epitaxy and consists of a
45-period InGaAs/InAlAs active region embedded in an optical
waveguide which relies on dielectric confinement, with air or vac-
uum acting as an upper cladding. The long-wavelength radiation
is seriously absorbed by free carriers, and that is why  the surface-
plasmon waveguide is not an effective solution in this case. The
waveguide consists of two  low Si-doped (n = 6 × 1016 cm−3) InGaAs
guiding layers grown below and above the active region, with thick-
nesses of 600 nm and 1750 nm,  respectively. Electrical injection
in the structure is obtained laterally through a heavily Si-doped
(n = 1 × 1018 cm−3) 600 nm-thick InGaAs contact layer.
The devices were processed in 50 �m to 70 �m-wide double-
trench mesas using wet chemical etching and a SiO2 layer for
passivation and isolation. The evaporated top metallization con-
sisted of Ti/Au (40/120 nm), and a 3 �m-thick electroplated gold

B.V. All rights reserved.
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Fig. 1. (a) A schematic of the laser semiconductor structure that was  fabricated into lasers A and B. (b), (c) Schematic views of lasers A and B, respectively, with ridge widths
of  70 �m.  Layer thicknesses are not to scale.

F mitting lasers B with 70 �m-wide ridges (a) and 50 �m-wide ridges (b), with measured
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Fig. 3. Representative L–I–V characteristics for the lasers A (blue line) and B (black
ig. 2. Representative SEM images of the mirror-sides of the fabricated ∼16 �m-e
xact  widths of the prepared metal-free windows.

ayer was deposited on it for better heat removal. The top contacts
rea was restricted to the edges of the ridge only, and the main
art of the ridge surface was left free of metallic layer. Calcula-
ions show there is a threefold increase of absorption losses when

 continuous metal layer is present on top of the ridge [12]. The
idths of the metal-free windows were 25 �m and 40 �m for the

0 �m-wide and 70 �m-wide ridges, respectively. The back contact
onsisted of AuGe/Ni/Au (50/40/100 nm)  metallization deposited
n a thinned InP substrate. The wafers were cleaved into laser bars
ith a 2 mm cavity length in a direction normal to the cleaved mir-

ors and indium soldered to copper heat sinks with the epilayer
ide up. The device packaging was finished by the gold wire bond-
ng for the top contact. The lasers’ mirror remained uncoated. In
his work we were focused on presenting the maximum emitted
ptical powers for this type of laser, that is why only the results for
0 �m-wide lasers are shown in the paper.

Two types of such devices were examined by us: the lasers with
he SiO2 layer left untouched in the area of the metal-free window
n top of the ridge (lasers A) and the lasers with the SiO2 layer
emoved from the metal-free window area (lasers B). Fig. 1 presents
esign details of the lasers A and B with 70 �m-wide ridges.

In Fig. 2, the scanning electron microscopy (SEM) images of the
asers B with two different ridge widths are presented.

For L–I–V characteristics and spectrum measurements, a pulse
idth in the range 100–300 ns and a duty cycle in the range

.5–1.8% were used. Temperature dependent power measurements
ere carried out on a thermoelectric cooler stage using a calibrated

hermopile placed directly below the copper table on which the
eatsinks with lasers were mounted. In the text and figures below,

he peak (Ppeak) and average (Pav) powers are given per one mirror.

Though it is technologically easier to leave the SiO2 layer
ntouched, it is known that it is strongly absorbing material in
he long wavelength infrared region. Indeed, lasers B, in compar-
line) with 70 �m-wide ridges measured at 298 K. The average emitted power (Pav)
was  at least 6.9 mW for lasers B (the limit is set here by the current driver) and
3.6 mW for lasers A.

ison with lasers A, proved to have better performance, in terms
of threshold current density, output power and slope efficiency.
We measured several lasers of these two  types and their described
behaviour was  repeatable.

In Fig. 3, there is comparison of L–I–V characteristics measured
at the room temperature (298 K) for lasers A and B with 70 �m-wide
ridges. The average threshold current density for the lasers B was

15% lower than for the lasers A. What is more each individual laser
B had lower threshold current density than any one of the lasers
A. Also, while the average output power for a set of lasers A was
only ∼3.6 mW,  the average optical power for lasers B was almost
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wice higher. There was not found any laser A with output power
igher than the power for any one of the lasers B. The lasers with
he SiO2 layer removed from the metal-free window area showed
20% higher slope efficiencies than these ones with SiO2 layer left
n the metal-free window area, which can be calculated for the
epresentative light-current characteristics presented in Fig. 3 in
he paper. The slope efficiencies of the two types of the lasers are
nitially, for lower feeding currents, of very similar value and start
o differ strongly mainly at higher currents.

It has to be emphasized, we have not observed Stark-effect
ollover in any laser tested by us. Therefore, we believe that over-
eating of the laser’s active region is a very probable reason of the
ptical output-power rollover seen for example in the L–I charac-
eristics presented in Fig. 3, which is representative for the lasers
ith not removed SiO2 layer. The overheating may  be caused by
ecreased heat dissipation from the laser ridge induced by addi-
ional thermal resistance generated by the left untouched SiO2
ayer. It should be noted here, there is no sharp kink observed in
he respective I–V characteristic of the laser A in Fig. 3, like it would
e expected in the case of a Stark-effect rollover. It can be men-
ioned that a similar thermal rollover of the output power can be
bserved also for the laser B driven with the highest duty cycle,
ike it is clearly seen in Fig. 5c, while for most measurements of
asers B it was impossible to observe any power rollover effect just
or technical reason, i.e., because of the limited current range of
he current supplier. However, we take into account that the lower
lope (differential) efficiency of the lasers A could additionally be
aused by higher optical losses for the lasers with the SiO2 layer
eft on the metal-free window area. It should be mentioned here,

e have not observed dual-wavelength laser operation for lasers
, i.e., each laser B had always two peak emission, while each laser

 had always one peak emission – we will come back to this topic

elow.

Fig. 4 presents the representative temperature dependence of
–I–V characteristics for the laser B with 70 �m-wide ridge. Its cal-
ulated characteristic temperature (T0) was 272 K and it is clearly

Fig. 5. A set of L–I–V characteristics for laser B with 70 �m-wide ridge measured at d

Fig. 6. The lasing spectrum for laser A (a) an
Fig. 4. A set of L–I–V characteristics for a 70 �m-wide ridge laser B measured at
different temperatures.

seen in the figure that the maximum operating temperature was
over 373 K. The peak power for pulsed operation was up to 700 mW
at 303 K, and above 200 mW at 373 K.

The lasers B were also characterized at different supply con-
ditions at the temperature 293 K (Fig. 5a) and at 333 K (Fig. 5b).
The average power for 1.8% duty cycle was 3.7 mW at 293 K and
1.62 mW at 333 K. A dependence of average output power on the
pulse length, at 298 K, is seen in Fig. 5c.

It was  experimentally found that the emission spectra of lasers
A emitted single peak only, concentrated around 15.5 �m (Fig. 6a).
Under all considered currents and all modulation regimes lasers
A emit the single cluster of peaks (with the onset at 641 cm−1).
The single-peak emission was  also a feature of lasers presented
by Rochat et al. [8]. The emission spectra of lasers B is different,
as it consists of two  clusters of peaks around 15.6 �m (641 cm−1)
and ∼16.6 �m (602 cm−1). A representative spectrum is shown in

Fig. 6b. The emission maxima observed within the spectra of the
lasers B are separated by ∼39 cm−1 because the gain curve of the
device is broad enough, i.e., it is more than 40 cm−1 [8].

ifferent duty cycle at 293 K (a) and 333 K (b), and for different pulse width (c).

d laser B (b), with 70 �m-wide ridges.
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It is well known that a SiO2 insulation layer generates increased
osses for long wavelength (� > 13 �m)  lasers [13]. Also, the
bserved not-existence of two lasing emission peaks in lasers with
he remained SiO2 layer we explain as a result of the absorbing
roperties of the SiO2 insulation layer deposited by us. Generally,
he SiO2 layer can absorb the IR radiation including the wavelengths
orresponding with our laser’s mode peaks. What is more it can be
ound in a couple of publications that the shape of absorption spec-
rum of a concrete SiO2 layer may  depend on conditions in which
he SiO2 layer was deposited [14–16] and, hence, the SiO2 absorp-
ion spectrum features can be different for SiO2 layers obtained in
ifferent ways. Here, we put the hypothesis that in our case the
iO2 layer exhibited much stronger absorption for the wavelength
16.6 �m than for the wavelength ∼15.6 �m,  eventually causing

hat the former peak was totally suppressed in lasers A, while still
resent in their counterparts without the tight SiO2 layer.

In contrast to the previous work presented by Rochat et al. [8]
n our lasers SiO2 layer was used as a passivation layer. On the
ther hand, there is no information if the passivation layer (hard
aked resist) used by Rochat et al. [8] was finally removed from top
f the ridge. So the possible reason of better performance of the
asers fabricated by us is the explained above concrete fabrication
pproach.

. Conclusions

In conclusion, ∼16 �m-emitting multimode InP-related quan-
um cascade lasers are presented with the maximum operating
emperature 373 K, peak optical powers 720 mW (303 K), average
ptical powers 4.8 mW (303 K) and characteristic temperature (T0)
72 K. Additionally, dual-wavelength operation was  obtained, at

 ∼ 15.6 �m (641 cm−1) and at � ∼ 16.6 �m (602 cm−1), however,
nly for the lasers with the SiO2 layer removed from the metal-free
indow area. The lasers with the removed SiO2 layer showed ∼15%

ower threshold current than these ones with a SiO2 layer left on
he metal-free window area. At the same time, while the average
utput power for a set of lasers with SiO2 layer on the metal-free
indow area was only ∼3.6 mW,  the optical powers for lasers with-

ut SiO2 layer on the metal-free window area were almost twice
igher (at 298 K). We  believe the performance improvement in
omparison with the lasers with the SiO2 layer is mainly a result of
hanged laser technology. In our opinion, the crucial was  removal
f SiO2 layer from the top area of the ridge, from between the metal-

ic contacts – that removal has likely resulted in the enhanced heat
issipation from the active region, blocked earlier by the SiO2 layer
nd/or in the reduced absorption losses assumedly generated by
he oxide.

[
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