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Abstract

We report on the design, fabrication, and performance of dual-wavelength distributed-feedback (DFB) quantum cascade
lasers (QCLs) emitting at several wavelengths in the mid-infrared (mid-IR) spectrum. In this work, two new designs are
presented: for the first one, called “Neighbour” DFB, two single-mode DFB QCLs are fabricated next to each other, with
minimal lateral distance, to allow efficient beam-coupling into multi-pass gas cells. In addition, the minimal distance allows
either laser to be used as an integrated heater for the other, allowing to extend the tuning range of its neighbour without
any electrical cross-talk. For the second design, the Vernier effect was used to realize a switchable DFB laser, with two
target wavelengths which are distant by about 300 cm™'. These devices are promising laser sources for Tunable Diode Laser
Absorption Spectroscopy applications targeting simultaneous detection of multiple gasses, with distant spectral features, in

compact and mobile setups.

1 Introduction

Quantum cascade lasers are unipolar semiconductor devices,
based on intersubband transitions, emitting in the mid-IR
and THz parts of the electromagnetic spectrum [1, 2]. They
offer excellent tailoring of their spectral gain by band struc-
ture engineering of the active region, as well as by stacking
cascades of different gain profiles [3, 4]. In addition, they
offer the possibility of precise mode control via distributed-
feedback (DFB) and distributed-Bragg reflector (DBR) grat-
ings [5-7]. Their performance in the mid-IR range, in which
one can access the fundamental ro-vibrational transitions of
many pollutant and greenhouse gas molecules, makes them
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the preferred choice for laser-based trace gas sensing appli-
cations [8—10].

To realize broadband spectral coverage, QCL sources
with an active region gain that covers a wide spectral range
with equilibrated intensity [3, 4, 11] are required, as well as
a mode control scheme that allows wavelength selection and
tunability over this whole spectral gain. Several approaches
that have been realized can be categorized in three main
types: (1) external-cavity QCLs (EC-QCLs), where the
emission mode is controlled by elaborated mechanical tun-
ing optics [4, 12, 13], (2) multi-wavelength QCL arrays con-
sisting of narrowband mode selectors that are electrically
switched [5, 14, 15], and (3) broadband frequency-comb
QCLs, used in more sophisticated schemes such as dual-
comb spectroscopy [16, 17].

External-cavity QCLs offer an extended tuning range, and
a broad selection of wavelengths, thus allowing for opti-
cal setups which can be less complex because of the lim-
ited number of beams needed to be combined through the
interaction volume. However, the mechanically controlled
frequency tuning rate of these laser sources, which is in the
range of 0.1-25 cm™"/ms for state-of-the-art commercial
devices [13], and <1000 cm~Yms for the fastest one based
on acousto-optic modulators [18], imposes limitations to
measurement sensitivity.
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Multi-wavelength QCL arrays are monolithic devices that
offer a number of DFBs over a wide spectral range, with fast
electrical switching capability. Despite the research efforts
to realize those sources with either surface-emitting QCL
arrays [15], master-oscillator power-amplifier QCL arrays
[19], or monolithically beam-combined QCL arrays [20],
these approaches still suffer from practical limitations such
as beam combination difficulties, lack of precise frequency
control, low efficiency or widely spread performance effi-
ciency over the optical bandwidth of the array. Monolithic
beam combination was tried with either second-order DFB
gratings to a single waveguide [15, 21] or with combination
of Y-couplers and funnel couplers [20]. However, the per-
formance uniformity over the target optical bandwidth has
remained limited.

An alternative, straightforward approach is to select spe-
cific regions of interest in the mid-IR spectrum and probe
them with a few multi-wavelength lasers [22]. In this work,
we propose and discuss the realization of three different
designs of dual-wavelength DFB quantum cascade lasers,
as sources for a multi-species trace gas sensor. Each device
covers one of the following spectral regions: (1) 4.25 and
4.55 pum (2353 and 2198 cm™!) [23], (2) 5.26 and 6.25 yum
(1900 and 1600 cm™!), and (3) 7.4 and 9.5 pm (1352 and
1053 cm™!). These spectral regions were chosen to measure
10 of the most important pollutant and greenhouse gases
(NH;, 05, NO, NO,, CO, N,0, H,0, CH, and CO,[">C and
13C)) at their strong absorption lines. By reducing the num-
ber of lasers needed for all desired wavelength regions by
factor of two, we simplify significantly the complexity of
combination optics needed to guide the beams through the
same interaction volume and onto the detector. Several of
these devices are already employed in a spectrometer for
trace-gas sensing: the spectroscopic technique, as well as
the results of the measurements obtained for eight gases with
the newly designed system are presented in more detail in a
separate publication by Hundt ef al. in this issue [24].

One of the above designs of dual-wavelength QCLs was
demonstrated in the work of Jagerska et al. [25] for NO
and NO, detection, reaching sub-ppb detection limits, and
of Siiess et al. [23], where successful measurements of the
gases CO,, CO and NO, were reported, using devices real-
ized in a dual-section (front and back) configuration, lasing
independently at 4.25 and 4.55 ym. However, these devices
suffered from inherent to the design problems, such as mode
hopping and output power modulations, caused by interfer-
ence of the DFB mode of the active laser section with the
Fabry—Perot (FP) modes of the inactive section. These limi-
tations could be strongly reduced with anti-reflection (AR)
coatings applied on the facets of the devices [23]. Here,
two new approaches are presented that can overcome these
problems: one where the laser ridges are fabricated very
close next to each other side-by-side (Neighbours) and one

@ Springer

that makes use of the Vernier effect. Both designs allow for
simplified beam combination schemes, and extensive tuning
over resonances that are spectrally distant by a few hundred
cm™! through the design of the active region gain and mode-
selection mechanism.

2 Neighbour (side-by-side) dual-wavelength
DFB QCLs emitting at 7.4 and 9.5 ym
(1352 and 1053 cm™)

Starting from the dual-section DFB QCLs [23], a simple
approach to overcome the inherent problems of these devices
was to design the two-section device with sections next to
each other, instead of front and back. This alternative design,
thereafter referred to as “Neighbour” DFB (NDFB), is com-
prised of two laser ridges which are very close to each other,
in the order of a few tens of micrometres, i.e 20 to 35 um,
but each having different, single wavelength DFB gratings,
aimed at different resonances, which in this case are about
300 cm™! apart. The DFB QCLs are electrically separated
to allow independent operation. A concept schematic can be
found in Fig. 1a. The advantage of this design is the proxim-
ity of the two ridges, that allows to use each as an integrated
heater to the other, as long as the bias current is below the
lasing threshold. Thus, it is possible to extend the tuning
range of each DFB laser of the device. Finally, it is possible
to design optics in a setup, nearly as it would be the case
for a single-wavelength DFB device, as one can efficiently
couple the two beams into multi-pass gas cells, as shown by
Hundt et al. [22, 24].

2.1 Device fabrication

The NDFB QCLs are fabricated following an inverted bur-
ied hetero-structure protocol [26, 27]. The active region
is grown by means of Molecular Beam Epitaxy (MBE) on
a low-doped (1.3%10'7 cm™3) InP:Si substrate, and con-
sists of a heterogeneous quantum cascade stack of three
bound-to-continuum active regions, covering two dif-
ferent wavelengths. The first stack consists of 16 Ing s,
Gag 416As and Inj 335Al) ¢5As period layers in the follow-
ing sequence 54.0/ 10.8/ 41.4!'7/ 11.0°°/ 39.8'"17/ 12.0/
35.9/16.3/ 38.9/ 31.0/ 32.0/ 10.2/ 67.6/ 5.0/ 56.3/ 7.7 opti-
mized for emission at 9.5 ym, followed by 20 periods of
Ing 59sGag 49sAs and Ing 56Al, ¢4 As with a sequence of 44.9/
12.7/ 37.9'%2/ 12.,9°%! / 32.3'%2/ 16.0/ 28.9/ 18.9/ 30.1/
31.0/25.2/12.3/ 57.7/ 7.4/ 50.1/ 10.1, optimized for emis-
sion at 7.4 um, followed by additionally 16 periods of the
same stack of 9.5 ym. The layer thickness (in A) of each
InAlAs barrier in the period is given in bold script, and for
each InGaAs quantum well in standard script, while any
layers that are Si-doped are underlined, with their doping
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Fig. 1 a Device concept schematic of a Neighbour DFB QCL. b The
etched gratings of a NDFB on top of the InGaAs layer covering the
active region. Notice the different periodicities of the corrugations,
corresponding to different target emission wavelength. ¢ SEM image
of the front facet of a Neighbour DFB QCL pair, with centre-to-
centre distance of the laser ridges of 30 ym. Green colour indicates
the insulating InP:Fe cladding layer. d LIV characteristics of the left
and right laser of the same NDFB pair, at 1% duty cycle for 100-ns

concentration (10'7 cm™3) given in the superscript. The
gain was designed to be balanced for both wavelengths, to
not favour lasing of one over the other.

The active region is covered by a 200-nm lattice-
matched layer of InGaAs, which is used for defining the
neighbouring DFB gratings. Two DFB gratings were
etched on top of this layer by means of wet etching, with

Time delay (us)

long pulses for substrate temperatures of —20, 0, and 20 °C. Width of
both ridges is 5 um and length is 2.5 mm. The left laser has the DFB
aimed at 1352 cm™! and the right laser at 1053 cm~!. The device is
HR-coated. e and f Tuning of the emission mode frequency for the
left and right DFB, respectively, over long pulses of 50 us applied
with a period of 200 ps, as a function of time delay over the pulse and
for three different values of the CW bias current applied on the neigh-
bouring laser. Substrate temperature is —20°C

different grating periodicities, aimed at 1352 cm™' and

1053 cm™!, with a lateral distance of 20 or 35 ym between
them. In Fig. 1b a microscope image of the DFB etching
result is shown. The DFB length was chosen to have «
L<3 for the shorter wavelength of a laser pair for a 3-mm
long device, where « is the coupling constant, given as
Kk = An/(A - n), with An the refractive index step at the
grating, and A the grating periodicity [28].
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Afterwards, neighbouring pairs of laser ridges of widths
5-6 um and ridge-to-ridge distance of 20 to 35 ym were
wet-etched. Between the laser ridges, and on the vertical
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Wavenumbers [cm™]

side-walls around them, a cladding layer of insulating InP:Fe
with roughly the same vertical thickness as the active region
was laterally grown by means of Metal-Organic Vapour
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«Fig.2 a, b Emission mode frequency tuning of the right and left
DFB, by varying the device substrate temperature, from —20 to 40
and 60 °C, respectively, recorded with 50-ns long pulses at 0.5% duty
cycle. Laser bias current is 620 mA for the right and 850 mA for the
left. ¢, d Emission mode frequency tuning of the right and left DFB
varying the injected CW bias current into either neighbour DFB laser.
The lasers are operated with 50-ns long pulses, at 0.5 % duty cycle,
with the bias current being 680 mA for the right DFB and 630 mA
for the left. The substrate temperature is —20°C for both. e Spectra,
in logarithmic scale, of the emission mode of the right DFB (1053
cm™") and left DFB (1352 cm™"), with red and blue lines, respectively.
The current driving conditions are the same as mentioned in parts a
and b, with substrate temperature of 0 °C. The selectivity of the emis-
sion modes, with a SMSR of >20 dB for both, is shown

Phase Epitaxy (MOVPE). In Fig. 1c, see a Scanning Elec-
tron Micrograph (SEM) of a device pair front facet, where
the insulating layer is highlighted with green). The structure
was overgrown with a n-doped cladding by MOVPE con-
sisting of several layers of n-doped InP:Si of (20/ 460/ 40/
4000/ 500/ 300) nm thickness and doped as (1/ 0.5/ 1/ 0.2/
1/30) x10"7 cm™3,

To electrically isolate the two lasers ridges of a device
from each other, and thus be able to operate them indepen-
dently, we applied a dry etching technique with inductively-
coupled plasma etching (ICP). The result is a narrow trench
with straight walls, all the way through the conducting InP:Si
layers to the insulating InP:Fe layer. Afterwards, electrical
contacts are deposited on each section of the device, effec-
tively forming a pair of lasers, with left and right sections.
The wafer is also thinned down to less than 200 ym (impor-
tant for efficient heat removal, as the lasers are mounted
epilayer-up), with an additional metallization contact layer
deposited on the bottom.

Finally, the processed wafer is cleaved into device pairs
of 2-3 mm length. They are mounted epilayer-up on Alpes
Lasers NS submounts with indium solder. In addition, a two-
layer, high-reflectivity (HR) coating was applied on the back
facet of these devices, consisting of Al,0; and Au of thick-
ness (300/150) nm.

2.2 Characterization methods

The measurements are performed using Laboratory Laser
Housing (LLH) laser boxes (Alpes Lasers SA, Switzerland)
(in the actual field-setup, High Heat Load, HHL, and hous-
ing boxes are used), that offer temperature control with
Peltier elements and dry atmosphere with N, purging. The
lasers are driven using either a pulse generator (§114A,
Agilent Technologies, Inc., USA) or a direct-current source
(QCL 2000, Wavelength Electronics, USA). Light—cur-
rent—voltage curves are recorded using a calibrated photo-
diode (AN/2 OPH-09, Ophir, Optronics, Israel). Spectral
measurements are acquired by Fourier transform infrared
spectroscopy (FTIR), with a maximum spectral resolution

of 0.075 cm™! (Vertex 80, Bruker Corp., USA), with the sig-
nal acquired by a pyroelectric deuterated triglycine sulphate
(DTGS) detector.

The applied method of operation of these lasers in the
actual spectroscopic setup is the intermittent continuous-
wave (iCW) operation concept [29]. Here, the laser emission
wavelength is shifting over a long pulse, during which it can
be used to scan over a specific molecular absorption feature.
The detector output then can be used to observe sequen-
tially both the reference (baseline) and the absorption signal.
To characterize the long pulse performance of the lasers, a
boxcar integrator (SR250, Stanford Research Systems, Inc.,
USA) is used to gate and record the laser signal at specific
trigger delay and gate width. The gate width is set at 100 ns
and the steps are happening in intervals of 100 ns. The lasers
are set to operate at few us long pulses with a period of 200
us. The signal from the laser is recorded on a mercury—cad-
mium—telluride (MCT) detector (PVM-2TE-10.6-1x1, Vigo
System S.A., Poland), gated by the boxcar integrator, and
then again fed back to the FTIR spectrometer through an
analogue-to-digital coupler.

2.3 Device performance

The light-voltage—current (LIV) characteristics of a HR-
coated device are shown in Fig. 1d, for substrate tempera-
tures of —20, 0, and 20 °C. Here, a pair of 5 yum wide and
2.5-mm long ridges, laterally separated by 30 um, is oper-
ated at 1 % duty cycle with 100-ns long pulses. At T= —20
°C, the lasing threshold current is for both quite similar:
320 mA (2.65 kA/cm?) for the right DFB emitting at 1053
cm~! and 350 mA (2.8 kA/cm?) for the left DFB, emitting
at 1352 cm™!. These similar values for the lasing threshold
current indicate that the active region gain is well balanced.
The peak power that the lasers of the pair can reach for these
driving conditions is 437 mW for the right laser, and 374 for
the left one.

The performance of the same device under iCW opera-
tion is also assessed. The lasers of the pair are operated with
pulses as long as 50 us, with a period of 200 us, and a sub-
strate temperature of —20°C. The emission mode spectrum is
recorded over the whole applied pulse. In addition, the same
measurement is repeated for both lasers of the pair, after
applying a CW bias of 100 and 200 mA on their Neighbour
laser. These current values are well below the lasing thresh-
old of these devices, and the idea is to use the neighbouring
device as an integrated heater to extend the tuning range of
the operating DFB. In Fig. le and f these time-resolved long
pulse measurements are shown. The DFB modes of the pair
tune continuously and almost mode-hop free over the entire
pulse length. The only exception to that is for the right (1053
cm™") laser, which mode-hops when pulses longer than 40 us
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are applied to it, and when it’s neighbour DFB is biased with
current more than 100 mA. This behaviour could potentially
be suppressed to a good extension by applying suitable anti-
reflective coatings on the front facets. It is also observed that
the applied dissipated power from the neighbouring laser,
corresponding to 0.75 and 1.8 W for 100 mA and 200 mA
bias currents, respectively, can extend the tuning range of
the NDFB QCLs by about 3—4 cm™!, similar to the approach
previously reported in Ref. [30].

Figure 2a and b shows the emission mode frequency tun-
ing of both DFBs of the pair, by varying the Peltier substrate
temperatures from —20 to 40 and 60°C, for the right and left
DFB, respectively, for the same device with the same char-
acteristics as reported before. The devices are driven with
50-ns long pulses, at 0.5% duty cycle, and bias current is 620
mA for the right and 850 mA for the left DFB. Temperature
tuning is happening mode-hop free for both DFBs, and from
the linear fit we can deduce a tuning coefficient f = i% of
7.17 x 1073 and 7.01 x 107> K~ for the DFB lasing at 1352
cm™' and 1053 cm™!, respectively.

In part (e) of Fig. 2, the spectra in logarithmic scale for
both DFBs, at a substrate temperature of 0°C and under the
same driving conditions as mentioned before, are shown, to
assess the mode selectivity of the two DFBs. A side-mode
suppression ratio (SMSR) of >20 dB is reported .

To estimate the thermal resistance R, associated with the
heating of the laser active region by the dissipated power P
in its neighbour counterpart, we performed the measurement
on the power tuning coefficients as shown in Fig. 2c and
d. The devices were driven with 50-ns long pulses, at 0.5
% duty cycle, and a substrate temperature of —20°C. Laser
bias current was 680 mA for the right DFB and 630 mA for
the left. The emission mode spectrum was recorded as a
function of the dissipated power of the neighbouring laser.
By linear interpolation, we extracted the emission mode tun-
ing rate as a function of the dissipated power, being —11.8
GHz/W for the 1053 cm™! DFB and —16.6 GHz/W for the
1352 cm™! DFB) which yield the values of the thermal resist-
ance as Ry~ 5.33 K/ Wand~5.69 K/ W, respectively. The
latter values are smaller than those reported for extended
tuning lasers with resistive integrated heaters [30, 31], but
here there is the advantage of electrical isolation between
the laser and heater sections.

3 Dual-wavelength NDFB QCLs at 5.26
and 6.25 ;m (1900 and 1600 cm™)
3.1 Device fabrication
A Neighbour DFB QCL design was also realized for the 5.26

and 6.25 ym wavelengths. Following the same fabrication
procedure, as presented in the previous section, we realized

@ Springer

good performance devices in these wavelengths as well.
The active region is grown on a low-doped (1.3x10!7 cm™3)
InP:Si substrate, and consists of a heterogeneous quantum
cascade stack of two bound-to-continuum active regions,
covering two different wavelengths. The first stack consists
of 18 Iny ¢35Ga 365As and Ing 335Al, 65AS period layers in
the following sequence 38/ 12/ 33/ 13/ 29/ 14/ 26>%3/ 15"}/
24723/ 1623 26/ 23/ 23/ 35/ 15/ 10/ 45/ 10/ 41/ 11 optimized
for emission at 5.26 ym (1900 cm™"), followed by 21 periods
of Iny ¢35Gag 365A8 and Ing 335Al, ¢65As with a sequence of
44/ 11/ 37/ 11/ 36/ 12/ 32195/ 13112/ 29195/ 1512/ 32/ 21/ 27/
31/ 19/ 9/ 52/ 9/ 48/ 10, optimized for emission at 6.25um
(1600 cm™"). The etched gratings were aiming for emission
at 1600 and 1900 cm™!, and the ridge-to-ridge separation
achieved was from 20 to 35 ym. Devices with widths 7-8
um and 3 mm lengths were mounted epi-up on Alpes Lasers
NS submounts. Figure 3a shows the SEM image of the front
facet of a NDFB pair, with separation distance of 35 ym, and
ridges width 7 ym and length 3 mm.

3.2 Device performance

In Fig. 3b the LIV characteristics of the NDFB device of
figure part (a) are shown. The device is operated with 100-
ns long pulses, at a duty cycle of 1% and a substrate tem-
perature of —20, 0, and 20 °C. At T= —20°C, lasing current
threshold is 370 mA (1.55 kA/cm?) for the right DFB (mode
at 1900 cm™!) and 480 mA (2.01 kA/cm?) for the Left DFB
(mode at 1600 cm™!). Peak output power for these driving
conditions is 317 mW and 181 mW, respectively. In part
(c), in logarithmic scale, the emission mode spectra for the
left and right sections are shown, driven by 20-ns pulses, at
0.2 % duty cycle and at a substrate temperature of —20°C.
These results demonstrate a high SMSR in these as-mounted
devices, reaching >22 dB and 26 dB at 1600 cm™~' and 1900
cm™', respectively.

The device pair was driven in iCW operation mode, with
the result shown in Fig. 4a and b. The substrate temperature
is —20°C and the lasers of the pair are driven by 35-us long
pulses, with a period of 200 us. These devices are tuning
continuously and mode-hop free, for wavelengths in this
spectral region as well.

To assess the applicability of these devices as sources
for other, more simplified laser absorption schemes, where
a constant optical output is required, the continuous-wave
(CW) operation of the devices is demonstrated. The results
are shown in Fig. 5a and b. The substrate temperature in this
case is —27°C. In Fig. 5a, the LIV characteristics are shown,
with a lasing threshold of 293 mA (1.32 kA/cm?) for the
right DFB (mode at 1900 cm™") and 441 mA (1.99 kA/cm?)
for the left DFB (mode at 1600 cm™"). The maximum output
optical power under these conditions is 29.0 and 7.2 mW,
respectively. The corresponding emission mode spectra of
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Fig.3 a SEM image of the front
facet of a NDFB QCL device,
with gratings at 5.26 and 6.25
pum and a laser ridge-to-ridge
separation of 35 ym. Ridge
widths are 7.4 ym, length 3
mm. b LIV characteristics of
the device pair operating at
short-pulse of 100 ns with a
duty cycle of 1% at a substrate
temperature of —20, 0, and

20 °C. Device dimensions are
reported in a. ¢ Emission mode
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Fig.4 iCW operation of the NDFB QCL pair, a for left DFB, centred
at 1600 cm™!, and b the right, centred at 1900 cm™'. Substrate tem-
perature is —20°C. The lasers are driven with 35-us long pulses, with
a period of 200 us

the pair are reported in Fig. 5b, driven at 570 and 561 mA
for the right and left DFB, respectively. The CW operation
of NDFBs devices can potentially be improved, and have
higher operating temperatures, by reducing the size of the
laser ridge or by junction-down mounting.

4 Vernier based dual-wavelength DFB QCLs
at5.26 and 6.25 ym

Integrated sampled grating reflectors using the Vernier effect
were demonstrated to extend the tuning range of the emission
wavelength of semiconductor lasers [32, 33]. This approach
was successfully applied to QCLs with multiple sections
[34-37]. Although such designs allow the switching from
one Vernier channel to the other, since the shift of the DBR
stop band and gain are both controlled via bias current in one
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section of laser, a relatively sophisticated electronic driving
scheme is required for continuous tuning that is desired for
intermittent operation in TDLAS.

Recently, a different design of a DFB QCL with integrated
heaters next to the laser ridge was demonstrated by Bidaux
et al. [38]. In this reported design, the n-doped InP cladding
layer was partially etched to realize integrated heaters next to
the laser ridge, significantly simplifying the electrical driving
scheme. By applying CW current to the heaters one can switch
the lasing channel, and together with the driving current of the
laser, the emission wavelength can be continuously tuned. The
heater and laser are not electrically isolated in this structure,
but the effect was shown to be marginal on the device perfor-
mance. This can, however, limit the usage of heater for precise
frequency tuning and stabilization of laser.

In this work, we demonstrate a proof-of-principle of an
alternative design of a Vernier-based dual-wavelength DFB
QCL. The Vernier effect is exploited on a new type of digitized
grating, that allows switching between DFB modes that are
300 cm™! apart. Tuning is thermally induced by two heater
sections, (front and back), which are made from wide ridges of
the active region, etched in close proximity to the laser ridges.
The front and back heater sections are separated by a nar-
row dry-etched trench that allows efficient tuning as well as
electrical separation between them. The active region gain is
designed such that it is balanced around the wavelengths of
laser emission.

4.1 Digital grating design

Here we propose a design of digitalized dual-frequency grat-
ing. According to coupled-mode theory, the first-order Bragg
reflection condition for light occurs when the wavelength is
twice as large as the inverse of the spatial frequency compo-
nent of the grating (Kyyygpn,)- Similar to sampled grating Ver-
nier QCLs, we design two DFB mirrors for each of the front
and back sections of our laser. Each mirror section consists
of two reflectivity modes. One of the modes is kept aligned
in frequency in both DFB mirrors and the other mode of one
mirror is offset in frequency, with respect to the same mode in
the other mirror. The mode which will be favoured for lasing
is, of course, the aligned one. By tuning the effective refractive
index n using a heater close to the front section, we can then
red shift the reflectivity of the front mirror to now align the
offset modes and, therefore, switch the lasing mode. A sche-
matic drawing that illustrates this method is shown in Fig. 7e.
To implement two reflectivity modes on the grating, we
combine two periodic functions (see Fig. 6a, b) such that

f(x) = sin <Ail> + sin <Aiz> (1
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Fig.5 a LIV characteristics

of the NDFB pair, under CW
operation, at a substrate tem-
perature of —27°C . b Emission

mode spectra of the device pair,

of the left (red) and right (blue)
DFB, respectively
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Fig.6 a, b The periodic
function with periodicity cor-
responding to the first-order
Bragg reflection condition for 0
each of the two target frequen-
cies, i.e. 1900 and 1600 cm™!
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The analogue profile resulting from functions f{x) or f”(x)
is very difficult to be fabricated by standard lithography
techniques. The grating could be realized by modulating the
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depth of the grooves, an approach which would be very diffi-
cult to implement, or alternatively by applying digitalization
on these functions and design a grating with double perio-
dicity of the pitch length instead [39]. Here, the functions
f(x) and f'(x) were digitalized to 0 (for f{x) or f'(x) < 0)
and 1 (for f{x) or f’(x) > 0) sequences, which correspond
to etched and un-etched stripes of the laser ridge InGaAs
cladding, with respective effective modal refractive indices
n, for InP and n,, for un-etched InGaAs layer (see Fig. 6¢c).



Dual-wavelength DFB quantum cascade lasers:

sources for multi-species trace gas spectroscopy

(@

20

_ Surface: Temperature (K)

3189

15

10

un

w
=1
=

in

_ Distance [um]

ey
f=]

285 gqa

-
n

o 500 1000

n
(=]

10 20 30 = (d)
Distance [um] 3198
(b) e T T T T 5 18
e Simulation parameters:
J,= .02 = 1 kAlem®
22 4
T=273.15K
20+ J
W™ Bpm
ot
E W= 15 pm
E 18

dH_|= 21 pm

3.184

i L L L L
] 500 1000 1600 2000
Distance [um]

(] 500 1000

2500 2000 3500

Fig.7 a COMSOL simulation of the heat distribution inside a device,
when the front heater is operated. The inset shows the simulation
over the whole device. The device geometry is based on the sche-
matic shown in Fig. 9a. b Temperature difference profile along the
laser ridge, when front heater is driven at a current density value of:
Jy = Jy/2. The simulation parameters are listed on this panel. ¢, d
Variation of the effective refractive index n.; along the laser ridge
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The features with size < 300 nm were suppressed from
the lithography mask to be able to use standard deep-UV
contact lithography at 220 nm in our fabrication process.
The microscope image of the photo-lithography results of
the digitalized grating is shown in Fig. 6d. While for a sim-
ple, single-mode DFB the widths d; of the stripes with dif-
ferent refractive index are chosen to be d; = 1/(4n;), where
Ais the vacuum wavelength of interest and, therefore, a fully
periodic structure is realized, for the digitalized grating no
particular periodicity can be distinguished.

The resulting grating has the front mirror shifted for
one of the wavelengths (here for 4 =5.26 ym or 1900
cm™') by an offset §f = 3 cm™' with respect to the back
mirror, while for the other wavelength (4 = 6.25 ym or
1600 cm™") both mirrors are initially aligned at the same
frequency. Thus the losses are minimum for 1600 cm™!,
favouring emission through this channel. By applying cur-
rent through the heater, which in turn will dissipate that
electrical power into heat, the reflectivity spectrum of the
front mirror will start to red-shift, until the offset 6f is
compensated. At that point, the initial channel is no longer
favoured for lasing, but the other channel instead starts
to align and lase. The value of 6f was chosen based on
COMSOL finite elements simulations (see Fig. 7), such

J
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and J,; = Jy,/2, respectively. The red line shows the n.; modulated
by An =~ 0.004 in the front and back of the laser ridge in absence of
any heating, while the blue shows the n.; along the laser, when the
front heater is driven. e Schematic drawing of the switching in a Ver-
nier DFB QCL. When the grating is aligned to one colour, lasing is
favoured there, indicated by the orange square. Applying heat, the
grating will shift, and the other colour will eventually be favoured for
operation

that it can be reached by biasing the front integrated heater
of the device to a reasonable value of half the threshold
current density Jy;, /2. In addition, this value of 6f ensures
enough contrast in the lasing threshold gain, according to
TMM calculations (described below). In our laser design,
since one of the modes is aligned in the front section,
mode switching can be achieved by heating only the front
mirror. Combination of the front and back heater, however,
can be used for switching the channel as well as further
expanding the tuning range, similarly to what was shown
for the NDFB design.

Figure 7a shows the finite element simulation of the heat
distribution in the device when the front heater is operated.
Figure 7b illustrates the temperature profile along the device,
for the parameters used in the fabrication (the centre-to-cen-
tre distance of the heater ridge to the laser ridge of 30 yum,
and the top n-contact separation trench width approximately
7 um). The heater can cause ~20 °C of temperature differ-
ence between the front and back sections of the laser at a
heater driving current density of J,; = Jy;,/2. The tempera-
ture profile along the device AT(x) is used to calculate the
spatial position dependence of the effective refractive index
ne;(AT, x) along the device length (x-direction) as:

N (AT, x) = ny(T)) X (PAT(x) + 1) 3)

@ Springer
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where Ty= 0 °C is the base temperature, and f= 8x107
°K~!is the thermal tuning coefficient, in agreement with
literature [28, 40]. In parts (c) and (d), the effective refrac-
tive indices for the front and back mirrors as function of
position along the laser ridge are shown for J;= 0 and J ;=
Jn/2, respectively.

Transfer matrix method (TMM) calculations were per-
formed using n z(AT, x) for different bias currents of the
heater, to predict the transmission spectrum and the lasing
threshold gain of the Vernier DFB devices (Fig. 8). The
four left panels of Fig. 8 depict the calculation of trans-
mission (blue solid line) and lasing threshold gain (blue
stars) of the device when no bias current is applied to any
of heaters . As expected in this case, for f= 1600 cm™! the
transmission of both the front and back mirrors is aligned
and threshold gain is minimum at this frequency. However,
at f= 1900 cm™! the two reflectivity modes of the front and
back mirrors have an offset §f = 3 cm™! that leads to much
higher threshold gain. Therefore, the device is expected
to lase only at f= 1600 cm™' when no heating is applied.
When driving the front heater at J ;= 0.5 J;, the stop band
of the front mirror red-shifts and, therefore, the minimum
of lasing threshold occurs at f = 1900 cm™' for a large
enough value of red shift that corresponds to 6f, as shown
in the right panel of Fig. 8.

In these simulations, perfect anti-reflective coat-
ing at the device facets was considered as the boundary

condition. In practice, the higher reflectivity at the device
facets can strongly diminish the contrast of the gain
threshold and, therefore, reduce the mode selectivity of
the device.

4.2 Device fabrication

The dual-wavelength Vernier DFB QCLs are fabricated fol-
lowing an inverted buried hetero-structure protocol [26, 27],
using the same active region as described in Sect. 3 and the
same with procedure and parameters as in Sect. 2. A concept
design scheme is illustrated in Fig. 9a, with all the relevant
details shown.

The active region is covered by a 200-nm lattice-matched
layer of InGaAs, which is used for defining the grating cor-
rugations. The digital Vernier gratings were etched on top
of this layer by means of wet-etching, with different grating
periodicities, aimed at 1600 and 1900 cm~!. The total DFB
QCL length was chosen to be 3.5 or 5 mm.

Afterwards, laser and heater ridges of widths 68 ym and
15 um, respectively, are wet-etched. The size of the heater
ridges is chosen to be large enough to avoid lasing at the
injected current density to the heater. We apply the same dry
etching technique as in the case of NDFB QCLs. The result-
ing narrow trench goes all the way through the conduct-
ing InP:Si layers to the insulating InP:Fe layer, electrically
separating the laser and heaters sections from each other. An
SEM image of a device front facet is shown in Fig. 9b, where
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Fig.8 The transfer matrix method calculations for the transmission and threshold gain at the target frequencies for heater current densities
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Fig.9 a Concept design of a Vernier-based dual-wavelength DFB
QCL with integrated heaters. b SEM image of the cross-section of a
device. On the right side the heater ridge, on the left the laser ridge.
Ridge-to-ridge distance is 30 pym. Separation trench depth is 5 ym,
as deep as the n-contact InP:Si top cladding, (see contrast differ-
ence). ¢ LIV characteristics of an AR-coated Vernier DFB QCL with
ridge width of 8 ym and length 3.5 mm, for two different values of
the heater bias current, corresponding to lasing at either of the tar-
get channels. Substrate temperature is —20°C and the device is driven
with 100 ns pulses at 1 % duty cycle. For the CW bias current of 348
mA, the front heater dissipates 3.7 W of power. The blue and pink
areas under the L-I curve during front heater operation, correspond to
the laser bias current values, where it is single-mode, for less than =
1100 mA, or double-mode

the difference in contrast of the InP layers, active regions and
trench can be seen. The widths of the trench are chosen to be
small enough to have the highest tuning thermal efficiency
possible (see simulation in Fig. 7).

Finally, the processed wafer is cleaved into single
devices of 3.5 or 5 mm length which are then mounted
epilayer-up.

To increase the difference of threshold gain and hence
the mode selectivity of Vernier lasers, both facets were

coated with AR coatings, consisting of layers of Al,O5/
Ge/Al,O; of thickness 170/130/1020 nm, which leads to
a flat and very low reflectivity spectrum, below 1%, from
1600 to 1900 cm™",

4.3 Device performance

The LIV characterization of a 3.5-mm long device with
8-um wide laser and 16-um wide heater ridges, under
short-pulse operation is shown in Fig. 9c. The substrate
temperature is —20°C, the device is operated with 100-ns
long pulses, at 1% duty cycle, and data are recorded for two
different CW bias currents on the front heater, 0 and 348
mA, that correspond to lasing at either of target frequencies
as shown later in the spectral maps in Fig. 10a and b. Lasing
current threshold, when the front heater is not biased, is ~
620 mA (2.2 kA/cm?), while it is around ~790 mA (2.8 kA/
cm?) when the heater is biased with a current of 348 mA
(1.2 kA/cm?). Respectively, peak output optical power is 166
mW and 152 mW. The coloured areas under the light—cur-
rent curve when the front heater is operated indicate the laser
bias currents under which the device is emitting a single
or a double DFB mode. For laser bias currents more than
1100 mA, the DFB mode at 1600 cm™! can overcome the
losses, and lase as well. Below that current value, however,
the device remains purely single mode, as it can be seen also
in Fig. 10f. Operating under the initially aligned channel, no
such behaviour was observed for the device, which remains
single mode up to roll-over.

Full DFB mode switching is demonstrated in short-pulse
operation mode. The substrate temperature is —20°C, and
the device is driven by 30 ns pulses, at a period of 10 us
and a laser bias current of 1000 mA. The grating is initially
aligned to the 1600 cm™! channel, and by biasing the front
heater, the channel starts to detune, with the emission mode
dropping in intensity, until at a heater CW bias current of =
250 mA or 2.67 W of dissipated power, the grating aligns to
1900 cm™', as shown in Fig. 10a and b. The second channel
becomes fully aligned at a CW bias current of 347 mA or 3.7
W of dissipated power. Parts (c) and (d) of the same figure
illustrate the integrated intensity over a window of ~ 10 cm™!
at each colour, as a function of heater current, extracted from
the spectral maps of parts (a) and (b). Figure 10e shows the
I-V characteristic of the front heater, which has a width of
16 pym and a length of 1.75 mm, and is continuous-wave
driven at —20°C.

In Fig. 10f, the laser emission modes, driven under the
same short-pulse conditions as described before, are shown
in logarithmic scale, over the two spectral areas of interest
and for zero or 347 mA heater bias currents. In both cases, a
great SMSR can be distinguished, with 25 dB for the mode
when the 1600 cm™! channel is aligned and 27 dB, when
the 1900 cm™! channel is aligned. At the same time, in both
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Fig.10 a, b Spectral map of the two channels as a function of the
heat CW bias-current. The laser is driven by 30-ns long pulses, at a
period of 10 us, and a bias current of 1000 mA. Switching starts at a
heater bias current of 250 mA, corresponding to 2.67 W of dissipated
power and full alignment occurs when heater current bias is 346 mA,
or 3.7 W of power are dissipated. ¢, d Integrated intensity of the two
channels, as a function of heat CW bias-current. e Current—voltage
characteristics of the device front heater. Heater ridge width is 16 ym

cases, no parasitic DFB mode is observed around the spec-
tral area of the other channel.

In Fig. 11a and c, the iCW-operation results of the same
device are shown. The substrate temperature is —20°C, and
the laser is driven with 15 us pulses, at a period of 200
us. When the front heater is not driven, and the device is
aligned to the 1600 cm™' channel, good iCW performance
is demonstrated, with the device undergoing mode-hop
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and length is 1.75 mm. Substrate temperature is the same as reported
in sections a,b of this figure, and current bias is CW. f Emission mode
spectra of the device, in logarithmic scale around the spectral areas of
interest, when the front heater is not operated and when it is biased
with 347 mA. Driving characteristics, as well as temperature are the
same as in parts a,b. The SMSR is 25 dB for the 1600 cm~! mode and
27 dB for the 1900 cm™! mode. When the laser is aligned to a specific
channel no DFB mode is observed in the other one

free tuning over the whole 15 us pulse. Spectral purity
is also demonstrated in the logarithmic plots of part (b),
where the emission mode spectrum is shown for three
instances, 4, 7 and 10.4 us, of the applied 15 us pulse. For
the other channel, i.e. 1900 cm™', however, iCW perfor-
mance is limited, and the device can only operate under
pulses shorter that 1us. This limited operation mainly
comes from the thermal management of the device, which
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Fig. 11 a iCW operation of the Vernier QCL device, when the front
heater is not operating. The mode at 1600 cm™" is favoured for lasing.
Substrate temperature is —20°C. The laser is driven with 15 us pulses,
at a period of 200 us. b Emission mode spectra snapshots for various
time instances, 4, 7 and 10.4 us, of the applied 15 us pulse. ¢ iCW
operation of the Vernier QCL device, when the front heater is biased
with CW current, corresponding to 3.7 W of dissipated power. Sub-
strate temperature is —20°C. The laser can only operate up to 400-ns
long pulses with a 200 us period

has to handle the heat load coming from the large ridge
width of the laser section as well as the increased tempera-
ture of laser ridge by approximately 27 °C caused by the
power dissipation of the heater. One should also consider
the self-heating effect that is expected to be > 30 °C in
the first 500 ns of the applied pulse, as deduced from the
measurement on the other channel.

5 Conclusion: outlook

We fabricated and analysed the operation of two new designs
of dual-wavelength DFBs, emitting at several wavelengths of
the mid-IR spectrum. For the first design, called Neighbour
DFB or NDFB, the laser ridges are placed close to each
other, as close as 20-35 ym and showed reliable perfor-
mances, at short-pulse, iCW operation with pulses as long as
50 us, and moreover continuous-wave operation. The tuning
range of NDFB was shown to be extended considerably by
about 3—4 cm™! using the neighbour DFB as an integrated
heater that features thermal resistance of > 5 K/W. We also
simulated, fabricated, and characterized the performance of
a digitalized grating DFB Vernier-based QCL, which was
experimentally demonstrated to switch between emission
lines 300 cm™! apart in short pulse operation. Even though
the limited thermal management of our device and the
applied anti-reflective coatings do not allow the full dem-
onstration of switching and tuning at long pulses, the con-
tinuous and mode-hop free tuning of the initially aligned
channel of digital DFB grating was successfully shown.
Improvement of the efficiency of the active region, as well
as of the thermal management of the laser by fabricating
narrower ridges, reducing the cavity optical losses by wave-
guide design or by junction-down mounting of the devices,
can make the Vernier-based DFB QCLs even more attractive
for spectroscopy. This design allows switching to single-
mode emission at different frequency channels, which are
spectrally distant, as well as continuous frequency tuning,
without adding any complexity to a conventional optical
setup for TDLAS, as there is only one laser ridge.
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