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ABSTRACT

A single mode distributed feedback (DFB) interband cascade laser (ICL) grown on a (001) Si substrate has been developed. The designed
DFB ICL with a grating on top of the ridge emits at a wavelength near 3.4 um, suited for methane gas sensing, and operates in continuous
wave up to 35°C, with a maximum output power of 4 mW/facet at 15°C and a side mode suppression ratio of 20 dB in the whole operating
range. Methane detection has been demonstrated by integrating the DFB ICL on Si with a quartz-enhanced photoacoustic spectroscopy setup,
a step forward in the development of integrated photonic gas sensors on silicon platforms.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0242398

Silicon has become an essential material in the photonics industry
due to its cost-effectiveness, compatibility with mature complementary
metal-oxide-semiconductor (CMOS) technologies and the large size of
silicon wafers. This has enabled the development of low-cost, chip-
scale Si photonic integrated circuit (PIC) that meets the demands of
teleccom and data processing.’ However, its application can be
extended beyond the visible and near-infrared domains to the mid-
infrared (MIR) spectral range (2-5 um), paving the way for applica-
tions in spectroscopy with the development of chemical or biological
sensor on chip or for free space telecommunication.™”

Laser devices remain the key in this context. Despite extensive
efforts to develop silicon-based lasers, the indirect bandgap of silicon
and its alloys significantly reduces their efficiency and operating condi-
tions.”” However, in the last decade, there has been increasing interest in
monolithically integrated ITI-V lasers due to their potential for high
yields, low cost, and reliable manufacturing processes in mass produc-
tion. The growth of III-V materials on silicon presents significant chal-
lenges due to the large lattice mismatch and the growth of polar III-V
materials on non-polar substrates. This results in various types of defects
such as dislocations and anti-phase boundaries (APBs). Nevertheless,
much progress has been made to improve the quality of III-V materials

on Si. For instance, it is possible to eliminate APBs on Si substrates by
optimizing the substrate preparation and the growth conditions.” *

In the telecom wavelength range, dislocations remain a significant
issue as they act as non-radiative recombination centers, degrading
laser performance. Therefore, it is necessary to incorporate complex
dislocation filter layers to reduce their density combined with quantum
dot (QD) active regions, which are more tolerant to dislocations.” ' In
contrast, the MIR offer very elegant and simpler solutions. In fact,
quantum cascade lasers (QCLs) have demonstrated very similar per-
formance for structure grown on both Si and native substrates, * '°
due to the sub-picosecond carrier lifetime in intersubband transition.
On the other hand, type-II “W” interband cascade lasers (ICLs) have
also demonstrated to be tolerant to dislocations, with the same perfor-
mance for ICLs grown on different substrates, and an extrapolated life-
time of 36 years for ICLs grown on Si."”'® Moreover, ICLs offer lower
power consumption in comparison with QCLs, which is a great advan-
tage for their integration with Si PIC.

However, while Fabry-Pérot ICLs on Si are promising, single-
mode emission remains to be demonstrated for MIR applications such
as spectroscopy.’” Although single-mode emission ICLs with distrib-
uted feedback (DFB) gratings’’ > and slotted waveguide™® have been
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demonstrated in the wavelength range of 2.8-7 um on both GaSb and
InAs substrates, these technologies have never been implemented on
lasers grown on Si emitting in the MIR.

In this work, we demonstrate a DFB ICL grown on a Si substrate
and its application in quartz-enhanced photoacoustic spectroscopy
(QEPAS).

The ICL heterostructure is the same as the one described in Ref.
17 and was grown by solid source molecular beam epitaxy (MBE) on a
Si (001) substrate using the conditions described in Ref. 27. It consists
of seven active stages designed for an emission around 3.5 um, sand-
wiched between two 400 nm-thick, Te doped, GaSb separate confine-
ment layers and between top and bottom, n-doped, InAs/AISb
superlattice-based claddings of 1.8 and 3 um-thickness, respectively.
The Fabry-Pérot laser fabricated with this ICL heterostructure grown
on Si exhibited a threshold current as low as 45 mA at 20 °C in contin-
uous wave, for 2 mm long and 8 um narrow ridges. The spectral emis-
sion was broad, with longitudinal multimode emission. This
performance is similar to that of ICLs grown on native GaSb
substrates.'”'®

Next, we designed the Bragg grating to be integrated on top of the
laser ridge to fabricate the DFB ICL. In this structure, the maximum of
the gain is positioned at 3.5 um at RT in CW operation. To address the
detection of methane, we targeted a wavelength of 3.404 um, which is
within the gain spectrum of this heterostructure, since ICL gain spectra
are typically 220 nm broad for ICL emitting between 3 and 4 um.” The
Bragg grating inscribed on the laser ridge results in a periodic perturba-
tion of the refractive index, which, in turn, induces feedback through
Bragg scattering, effectively coupling the forward and backward propa-
gating waves when the Bragg law is verified,

im:2m~ngff~A (1)

with 4, the wavelength at which the coupling occurs, m the diffraction
order, M, the effective refractive index of the medium, and A the grat-
ing period. The coupling strength between the grating and the active
zone is defined by the parameter r as follows:”’

K_Aa)n +iA<x )
T T

a) 28.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 2
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where Aw and Ao are the frequency and the loss difference between
the main modes and c is the speed of light in vacuum. Additionally,
the values of Aw and Ao depend on several parameters including the
distance between the grating and the active region and the depth of the
grating.” In this study, we chose the first Bragg order (m = 1) for its
superior coupling coefficient compared to the higher orders.”” This
choice led to a grating period of A =480nm for n.s=3.55 as esti-
mated from prior experiments. To optimize the coupling, we first
determined the optimal distance between the grating and the active
region by finite-element numerical simulations using the COMSOL
software.”’ The simulation parameters included the thickness of the
top cladding and the etch depth and took into account the etching pro-
file, since our etching conditions of the InAs/AISb superlattice result in
a trapezoidal shape with an angle of 110°. Furthermore, only the real
part of k is considered in the modeling, since the coupling loss, esti-
mated at 0.2% of the coupling strength, remains very low.

Figure 1 shows the evolution of the coupling coefficient x as a
function of the grating etching depth for various top cladding thick-
nesses between 0.5 and 1.8 um, with a duty cycle of 60%. K increases
with the grating etching depth, regardless of the top cladding thickness.
To ensure a stable single mode emission over a wide range of tempera-
tures and currents, the product x-L, where L is the cavity length, was
selected to be between 2 and 3.” Therefore, considering a laser cavity
length of 2 mm, the coefficient x should ideally range between 10 and
15cm™". This range is highlighted in red in Fig. 1, which shows that
the top cladding thickness should then be between 0.5 and 1 yum, with
an etch depth between 0.05 and 0.5 yum.

This grating design selectively promotes two main transverse
electric (TE) modes, known as semiconductor and metallic modes,
which are related to the location of the electric field maximum. In
order to improve the discrimination between these two modes, and
therefore to enhance the single-frequency emission, the propagation
losses for each mode were determined for the previously selected top
cladding thicknesses. Figure 1(b) presents the evolution of the modal
losses for each TE mode as a function of the grating etch depth. In
these simulations, we considered only modal losses below 9cm™" to
keep a low threshold current at room temperature (RT), which nar-
rows down the choice of the top cladding thickness to the 0.7-1 um
range.

c Semiconductor mode
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FIG. 1. (a) Evolution of the coupling coefficient (i) as a function of grating etching depth for various top cladding thicknesses ranging from 0.5 to 1.8 um. (b) Evolution of the
TE optical mode losses with the grating etch depth. Cross sections showing the semiconductor mode (c) and metallic mode (d) for two top cladding thicknesses, 0.7 and 1 um,

with corresponding grating etching depths of 193 and 405 nm, respectively.
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For both modes, the losses increase exponentially with the grating
etching depth. However, this behavior is less pronounced with thicker
top claddings, due to the weaker interaction between the optical mode
and the grating. To achieve single mode emission, the modal losses dif-
ference Aa between the two modes should be high enough to promote
only one mode. For shallow grating etching depths, Aw is low, making
it difficult to favor one mode over the other, while deeper etching
depths introduce significant optical losses. We selected a value of
Aoc=2cm™ ", similar to that used by Ning et al,” for each top clad-
ding thickness, which allowed to determine the minimum etching
depth of the grating that ensures single mode emission.

Figures 1(c) and 1(d) show the simulated cross sections of two
periods of the gratings for two cladding thickness of 0.7 and 1 um,
with corresponding grating etching depths of 193 and 405 nm, respec-
tively. Figure 1(c) represents the semiconductor mode, with the field
intensity maximum located below the semiconductor region, while
Fig. 1(d) represents the metallic mode, with the field intensity peaking
below the metal layer. As indicated in Fig. 1(d), the metallic surface
area overlapped by the metallic mode decreases from 27% for a top
cladding of 0.7 um (193 nm etch depth) to 10% for a top cladding of
1 um (405nm etch depth). As a compromise, a cladding thickness of
0.8 um was chosen, resulting in a grating etch depth of 260 nm. This
geometry results in a 23% overlap between the metal and the optical
mode. Altogether, our design giving x between 10 and 15cm ™, Ax
around 2cm ™', and optical losses induced by the grating around
5cm™! with a 60% duty cycle, imposes a top cladding thickness
around 0.8 um and a grating etch depth around 260 nm.

The initial top cladding thickness of the epitaxial ICL structure
being 1.8 um, the first step in the fabrication process for the DFB was
to etch the entire surface to reduce the top cladding thickness down to
0.8 um. This was done by an inductively coupled plasma reactive ion
etching (ICP-RIE) using a Cl-Ar chemistry. The DFB grating was
then patterned on a resist by electron beam lithography (EBL) and
transferred to the InAs/AlSb top cladding using Cl,-based ICP-RIE.
The inset in Fig. 2 shows the trapezoidal profiles of the DFB grating

I

|

I

|

\ IC active

region

AlISb/InAs cladding

Si Substrate

FIG. 2. False color SEM image of a fully processed DFB-ICL grown on Si. Inset:
SEM image of the DFB grating after dry etching.

pubs.aip.org/aip/apl

after the etching step, which was taken into account in the modeling.
To support only the fundamental transverse mode and ensure single
transverse mode emission, 4.5 m wide ridges were processed by stan-
dard photolithography and dry etching. The ridge was defined down
to the top of the bottom cladding, where the bottom contact is taken.
The electrical insulation and planarization layers were achieved by
baking the photoresist at 200 °C for 2 h. Ti-Au was then deposited for
both the top and bottom contacts. The Si substrate was then mechani-
cally thinned down to 100 um, and the processed wafer was cleaved
with an automatic scriber (S100 from JFP Microtechnic) to form
uncoated 2-mm-long cavities soldered epitaxial side up with indium
onto Al,O; heatsinks. Figure 2 displays a scanning electron microscope
(SEM) image of a fully processed DFB ICL grown on a Si substrate.

Figure 3(a) shows the P-I-V curve in CW of a representative DFB
ICL grown on Si as a function of the temperature. The laser operates
in CW up to 35°C. At 15°C, the threshold current and the maximum
output power were 40 mA and 3.7 mW/facet, respectively. The slope
efficiency (per facet) amounts to 0.09 W/A, while the external differen-
tial quantum efficiency (related to the two facets) is defined as

_4qAp
nd_huAI’

with g the electron charge, h the Planck’s constant, and v the fre-
quency of light is around 50%. This value is considerably lower than
the 120%-170% reported for Fabry-Pérot ICLs fabricated from the
same heterostructure.'” This is probably due to the relatively strong
coupling (x-L~2) and the large detuning with respect to the gain
peak, which both decrease the output power and efficiency. This per-
formance suggests that the DFB modes have higher losses and calls for
further work to refine the design parameters and fabrication steps and
reduce these losses.

Figure 3(b) presents the emission spectra taken at 15°C for sev-
eral injection currents between 50 and 110 mA. Single mode operation
with at least 20 dB SMSR was achieved over the whole current range.
Furthermore, this DFB ICL exhibited single-frequency operation in
the continuous-wave regime over the whole test temperature range,
from 10 to 30 °C. From these measurements, the tuning range associ-
ated with the temperature and the current is 0.28 nm/°C and 0.14 nm/
maA, respectively. The temperature tunability is consistent with DFB
ICLs grown on GaSb,”"””” while the current tunability is an order of
magnitude higher. This effect is related to the higher series resistance,
which implies a larger Joule heating effect and thus a higher wave-
length tuning. This large tunability offers accurate wavelength control
for gas spectroscopy.

Figure 4 shows the evolution of the emission peak wavelength as
a function of the current for the various temperatures. Isolated longitu-
dinal mode hops are observed around 80 mA at 10°C and 100 mA at
15°C. However, by carefully adjusting both the current and the tem-
perature, single-mode operation can be maintained over the whole
3.402-3.414 um wavelength range, which translates into a wavenum-
ber tuning range as large as 11 cm ™.

This DFB ICL grown on Si was then used for gas detection using
quartz enhanced photoacoustic spectroscopy (QEPAS).”” The laser
was operated at 10°C to cover the absorption lines of the methane
(CH,) at 3.402 and 3.404 um, a gas of great interest for environmental
and defense applications.” Figure 5(a), which presents the absorption
lines of CH, obtained from the HITRAN Database’ at ambient

3)
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FIG. 3. (a) P-I-V curve of the DFB ICL in CW at different temperature. (b) Emission spectra of the DFB ICL grown on Siin CW at 15 °C for different current injection.

temperature and atmospheric pressure with a path length of 2 cm and
a concentration of 1 ppmv, together with the laser mode wavelength at
10°C for various drive currents, shows a good overlap between the
absorption lines and the laser emission. For the gas sensing demonstra-
tion, the laser wavelength was tuned across the CH, absorption lines at
a frequency of %‘) = 16 382 Hz and a modulation amplitude of 20 mA.
A calibrated concentration of 400 ppmv of CH, was used to perform
this proof of concept.

Figure 5(b) shows the 2f (second harmonic) QEPAS signal,
obtained by wavelength modulation. It is proportional to the second
derivative of the gas absorption, measured with a time constant of
200 ms after demodulation by the lock-in amplifier for the methane
absorption lines between 2937 and 2939cm™'. A small shift in the
position of the main peak can be observed due to the non-linearity of
the tuning rate. The QEPAS signal drops abruptly above 2937.3 cm—1
when the laser emission reaches a mode hop. The amplitude of the sig-
nal obtained on the intense CH, absorption line of located at
2938.2cm™ ! can be used to determine the limit of detection (LOD) of
the sensor, defined as the minimum gas concentration that the sensor

3416 T T T ! y i !
. ' 12928
3414F + 25°C =
R St o o . 42930 <
E 34120 - 15 . S
el s U0 ’ P8
Eb : / i o [=1
of . o 12934 2
5 3408} &
s ‘ ' >
[+ L o o ] ?
S 3406 2936 g
3.404r A unning (D): 0.14 nm/mA 2938 ~
3402+ 5 ) A t.unning (T) 02]8 nm/O‘C 12940

50 60 70 8 90 100 110
Current (mA)

FIG. 4. Temperature and current tuning of the DFB ICL grown on Si at various tem-
peratures between 10 and 30 °C.

can detect (signal to noise ratio SNR = 1). The SNR is evaluated on the
signal considering the noise standard deviation (0.025mV). Here, the
SNR is equal to 56 with a time constant 7 of 200 ms, and the LOD of
the sensor is then estimated as

400
= NR ()

LOD = 7 ppmv, (4)
limited by the laser power in the QEPAS cell, around 1 mW in our
experimental conditions.

To summarize, in this work, we have demonstrated a single mode
ICL grown on Si substrate and used it for CH, detection using QEPAS
measurement. This was achieved by careful design and fabrication of
the Bragg grating inscribed in the ICL ridge. The DFB-ICL operated in
CW up to 35°C with a threshold current of 40 mA and a maximum
output power of 3.7 mW at 15°C. The emission was single mode over

o] v . : ]
- e g
S
= 3xI0°F @ 180 ©
S g
S g
=
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Z
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& .
e 041
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FIG. 5. (a) Absorption lines of CH, obtained from the HITRAN Database at ambient
temperature and atmospheric pressure with a path length of 2cm and a concentra-
tion of 1 ppmv (black lines). Laser peak emission at 10°C and different drive
current (red dots). (b) 2f QEPAS signal obtained for a concentration of 400 ppmv
of CHy.
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the whole operating range with a SMSR higher than 20dB and a
12nm, translating in a 11cm™', continuous tunability. The single
mode emission, tailored to overlap the CH, absorption lines near
3.404 i, allowed demonstrating gas detection by QEPAS, with a limit
of detection of 7 ppmv, limited by the laser power in the QEPAS cell.
By optimizing the heterostructure design to better match the position
of the gain peak and the target spectroscopy line, and by further
improving the coupling parameters, the laser output power can be
largely increased, and the sensor performance much improved. This
demonstration of a single mode ICL grown on Si for gas spectroscopy
is a step toward the realization of an optical gas sensor on Si PIC.
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