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Self-Detecting Mid-Infrared Dual-Comb Spectroscopy
Based on High-Speed Injection-Locked Quantum

Cascade Lasers

Yu Ma, Dapeng Wu, Ruixin Huang, Shichen Zhang, Binru Zhou, Zejun Ma,
Yonggiang Sun, Jungi Liu, Ning Zhuo, Jinchuan Zhang, Shengiang Zhai, Shuman Liu,

Fengqi Liu, Manijeh Razeghi, and Quanyong Lu*

Dual-comb spectrometer based on quantum cascade lasers (QCLs) is gaining fast
development and revolutionizing the precision measurement with high-fre-
quency and temporal resolutions. In these measurements, high-bandwidth
photodetectors are normally used for signal acquisition and processing, which
complicates the measurement system. QCL is well-known for its picosecond
gain-recovery time with an intrinsic bandwidth of tens of GHz. In this work, a
compact self-detecting dual-comb spectroscopy (DCS) is demonstrated based on
dispersion-engineered, high-speed packaged QCLs under coherent injection
locking. The laser source is designed and fabricated into a hybrid-monolithic-
integrated waveguide and epi-down packaged on a wideband-designed sub-
mount to fully explore the high-speed feature up to fourth-order harmonic state
with a cutoff frequency of 40 GHz. The effective radio frequency (RF) injection
locking diminishes the issue of optical feedback and enables high-bandwidth self-
detection based on QCLs. Clear and stable multiheterodyne signal corresponding
to a spectral range of 68 cm ' and narrow comb tooth linewidth of ~10 kHz is
observed without using external detector or numerical process. The demon-
strated broadband, high-power, self-detecting mid-infrared QCL DCS has a great
potential for future applications of molecular sensing and spectroscopy.

precision spectroscopy.*™ Amidst these
applications,  dual-comb  spectroscopy
(DCS)>®! is the most widely used comb
technology for its rapid effective data
acquisitions without mechanical moving
parts,”®! broad spectral coverage,’*"! and
high spectral resolution reaching comb line
spacing of MHz.">'?l The core configura-
tion of DCS consists of two sets of OFCs
with different repetition frequencies fiep
and their multiheterodyne beating in a fast
detector to establish a one-to-one direct link
from the optical frequency domain to the
RF domain. The multiheterodyne gener-
ated comb in the RF domain enables a fast
signal acquisition and process with higher
resolution, speed, and precision perfor-
mance that surpasses swept laser spectros-
copy and Fourier transform spectroscopy.

The mid-infrared (mid-IR) region is of
particular interest to molecular spectro-
scopic applications. A variety of molecules
have peculiar molecular fingerprints with
orders of magnitude higher absorption
than those in the visible or near-IR bands

1. Introduction

Optical frequency comb (OFC)! is a coherent laser source
with equidistantly spaced comb lines and well-established
phase relations. They act as optical rulers in frequency domain
and have opened up a wide range of applications, including basic
science, astrophysics, frequency metrology, communication, and

due to their fundamental roto-vibrational absorption features
in this range.*™ Quantum cascade lasers (QCLs)™*™® has
established themself as the leading laser source in mid-IR range
thanks to the past three decades of persistent development and
engineering. Owing to the large optical nonlinearity in the active
region (AR), the dispersed longitudinal cavity modes can be
locked to each other via the nonlinear process,!**** resulting
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in the direct generation of phase-coherent frequency combs from
QCLs. DCS based on QCL FCs?**2#l is enabling low-noise meas-
urements with millisecond acquisition time and MHz spectral
resolution.>**=! Currently, most of the DCS systems based
on free-running QCL FCsP*'~**! rely on fast MCT detectors for
multiheterodyne RF comb signal referencing and detecting,
which increases the cost and complexity of the system. It is well
known that QCL is a fast gain medium due to its sub-ps gain
recovery time.?® This could render QCL a broadband optical
response when it is designed with a proper waveguide and pack-
aging. However, the low-quality factor of the mid-IR Fabry—Pérot
(FP) cavity makes the comb state rather susceptible to external
optical feedback and optical isolator is normally used in comb
characterization setup.*”*®!

The ultrafast characteristic of QCL with cutoff bandwidth of
tens of GHz also suggests that the electronic beat signal at
the repetition rate frequency f,.p, can be observed through the
feeding bias circuit and the cavity modes can be locked via RF
modulation at fi., via the same process.>?****% Actually, RF
injection locking at the round-trip frequency is being demon-
strated as an effective way to lock f., and enhance the robustness
of the comb mode. Nevertheless, it requires a specialized wave-
guide for efficient RF signal injection.*"*?) To fully explore this
ultrafast feature, various high-speed waveguide and packaging
techniques have been proposed and implemented.'**™** In the
THz range, the metal-metal waveguide of THz QCL is ideal
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to achieve high RF bandwidth,*>*®! while in the mid-IR range,
QCL has been fabricated into microstrip waveguide, and the RF
signal is then injected to a short section of the laser cavity device
for efficient RF signal injection.[*>***”*8] However, most of pres-
ent high-speed results are achieved at the price of output power
by shrinking the device active and thermal contact areas. The
present microstrip-waveguide design, featuring a narrow metal
waveguide stripe to reduce the parasitic capacitance for wide
bandwidth response, however, is not quite compatible to epi-
down mounting scheme that is essential to high-power operation
at room temperature.

In this work, we report a hybrid-monolithic-integration wave-
guide (HMIWG) structure with a high-speed packaging for self-
detecting mid-IR QCL DCS at 1~/ 4.6 pm with a high output
power, broad spectral coverage, and strong comb coherence,
as shown in Figure 1a. A segregated-coplanar waveguide (CPW)
together with a monolithic-multimode-coupled waveguide
structure is designed and fabricated for RF injection and group
velocity dispersion (GVD) engineering. A broadband RF band-
width up to 40 GHz and effective RF injection locking up to the
third-order harmonic state is observed from a 4.5-mm-long
dispersion-engineered QCL comb at 4.6 pm. This broadband fea-
ture enables the QCL comb serving a high-bandwidth photode-
tector in the DCS system without the use of external detectors.
Stable multiheterodyne signal with a broad RF comb bandwidth
of 1.4 GHz and a narrow tooth linewidth ~10 kHz is observed,
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Figure 1. High-speed design and characterizations for HMIWG QCLs. a) Schematic diagram of devices based on a hybrid-monolithic-integration wave-
guide structure with high-speed packaging. Inset: false-colored scanning electron microscopy image (SEM) of the front facet of a device. b) Schematic
diagram of a segregated-CPW structure. c¢) L-I-V characterization of a 4.5-mm-long high reflective coated device in continuous-wave (CW) operation at
10—45 °C. d) Normalized electrical rectification data of the HMIWG device and that of a reference device without high-speed packaging. e) Free running
beatnote mapping as a function of drive current measured at 15°C in CW mode. RBW is set as 300 kHz and VBW is 3 kHz.
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corresponding to a broad optical spectrum 68 cm ™' at 4.6 pm.
This self-detecting DCS scheme simplifies the experimental
setup for currently used DCS system but with an enhanced spec-
tral bandwidth and signal-to-noise ratio (SNR), paving the way for
new spectroscopy applications based on QCL DCS with improved
heterodyne—comb linewidth and reduced system complexity.

2. Results

Recent studies on the OFC operation of QCL using coupled-
mode formalism based on Maxwell-Bloch equations revealed
that both the GVD and RF modulation play important roles in
the comb dynamics (Section S1, Supporting Information).
Toward this end, the HMIWG device is designed with an effec-
tive dispersion compensation as well as coherent RF injection
scheme to obtain a comb light source with wide spectrum, high
power, and strong coherence, which provides a reliable architec-
ture for the self-detecting DCS. For mid-wave 3-5 pm QCLs with
strong material GVDs, without effective dispersion engineering,
the RF injection locking range would be hampered.*”! The dis-
persion compensation in this work is achieved via a multimode-
coupled waveguide structure shown in Figure la. A passive
InGaAs waveguide layer is sandwiched between the AR and sub-
strate and is naturally integrated into the waveguide when a deep-
etch and planarization regrowth processing is performed for
dispersion compensation. The spacer thickness between the
active and passive waveguides is judicious engineered to ensure
sufficient GVD dispersion and confinement factor of the AR, as
the details presented in Section S2, Supporting Information.
Upon the dispersion-engineered waveguide, a segregated-
coplanar section with high-speed packaging is designed and fab-
ricated at the cavity end to achieve effective RF injection. It is
electrically isolated with the rest of the waveguide section via
an etched channel into the cladding layer and the rest of the
device via two etched trenches into the substrate. The two auxil-
iary waveguides on the two sides act as the bonding pads for epi-
down process. The channel is defined into 1.5 pm deep and
50 pm wide with an equivalent resistance of 2 kQ for electrical
isolation while still remaining optically transparent, as shown
in the simulation in Figure S5b, Supporting Information. As
indicated in Section S3, Supporting Information, the —3dB
bandwidth of conventional devices is mainly affected by the
bypass section capacitance Cpypaes, and the cutoff frequency of
the device is mainly affected by the gold wire inductance Lgqyq
and the heat sink parasitic capacitance Cy¢ outside the QCL chip.
Here, the segregated CPW section is electrically isolated with the
rest to largely reduce Ciypass, as shown in Figure 1b. The length of
this section is limited to about 1/10 of the cavity to further reduce
the parasitic capacitance as well as to provide efficient RF extrac-
tion and injection. Its DC bias can be adjusted to alter the locking
properties. The device was epi-down bonded to a wideband CPW
predefined on a AIN submount. The RF signal is fed or extracted
through a mini SMP that is directed soldered to the submount,
avoiding any poor contact when attaching an RF probe to the
device. This is advantageous in reducing the impact of the gold
wire inductance Lygq. In contrast to conventional packaging
structures, hollow-plated vias passing through the submount
were arranged near the end of the device to connect the ground
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traces on the top to the ground and thus to reduce the heat sink
parasitic capacitance Cpg. This high-speed epi-down mounting
scheme is crucial to high power and high bandwidth response
of the QCL comb.

Light—current—voltage (L-I-V) characterizations (Figure 1c)
for the HMIWG device with high-speed packaging were per-
formed while driving the device in CW by a power supply
(Wavelength Electronics, QCL2000) at heat sink temperatures
in the range of 10—45 °C. The device was installed on a water-cool-
ing platform using a thermoelectric cooler (TEC) for temperature
control. A thermistor was closely connected to these components
for real-time temperature adjustment. The emitted optical power
was measured with a calibrated thermopile detector placed in
front of the laser facet without any correction. At 10°C, a
6.5-pm-wide and 4.5-mm-long device exhibited a maximum
CW output power about 700 mW and a threshold current density
of 2.05kA cm 2.

For the high-frequency characterization, the HMIWG device
was biased with a direct current (DC) together with a microwave
signal modulation to measure the electrical bandwidth using a
microwave rectification technique. A conventional FP device is
also tested for comparison. Figure 1d shows the normalized elec-
trical rectification signal of the two devices, measured at a con-
stant RF power of 10dBm. The —3dB bandwidth of the
segregated CPW device was 16.2 and 0.7 GHz for the conven-
tional epi-down-bonded device. More importantly, the cutoff
frequency at —15dB for the two devices are 40 and 3 GHz,
respectively. The observed —3 dB bandwidth and the cutoff fre-
quency at —15dB for the HMIWG device are comparable to
those of the state-of-the-art microstrip waveguide design.*? It
is evident that the HMIWG device preserves the high-power fea-
ture at room temperature, thanks to the improved thermal dissi-
pation, while also endued with a high-speed characteristic,
comparable to other designs.””?*! Narrow intermode beatnote
signal is observed at 0.67 A and persists continuously until
0.92 A, over 80% of the dynamic range, as shown in Figure le.
This is attributed to the well dispersion-engineered multimode-
coupled waveguide design.[*”! The spectra were acquired using a
spectrum analyzer (Keysight N9030B) with a resolution band-
width (RBW) of 300kHz and video bandwidth (VBW) of
3kHz at 300 K.

The high bandwidth feature not only facilitate the injection
locking of the fundamental comb state with 1 FSR, but it also
opens the door to the effective injection locking of the higher
harmonic states with multiple FSRs. Since a broadband QCL
comb consists of plethora of equally spaced longitudinal modes,
the beatnote is the joint result of the electrical beating between
any two longitudinal modes. We set up the test system as shown
in Figure 2a and the following measurements in Figure 2 and 3
used the same testing run conditions to provide the best correla-
tion of the data. When zoomed out the beatnote at I = 0.882 A,
the first-order beatnote at ~10.05 GHz together with higher-
harmonic-state beating signals at ~20.10, 30.15, and 40.20 GHz
was observed, thanks to the wideband waveguide design and
high-speed packing, as shown in Figure 2b. Clearly, harmonic,
especially high-order harmonic states are inherent to QCLs and
their injection locking is of great importance for future high-
power, high-speed applications and would open new approach
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Figure 2. Fundamental and higher harmonic-state injection locking for HMIWG QCLs. a) The experimental setup for RF-injection-locking measurement,

including spectrum analyzer (KEYSIGHT, N9030B, 2 Hz-44 GHz), signal

generator (KEYSIGHT N5183B, from 9 kHz to 40 GHz, 15 dBm, or Rohde &

Schwarz SMF100A, 22 GHz, 30dBm), Fourier transform infrared spectrometer (Bruker VERTEX 70v), circulator (UIYBCC1325A), power supply

(Wavelength Electronics, QCL2000). b) Fundamental, second-harmonic,

0.882A. Electronic RF spectra of RF modulation as functions of
d) fRF ~2 ~'l“,]r':)eatnote; and e) fRF ~3 ~'I“_](I‘Jeatnotev reSPeCtivel)’-

to the mode-locking of QCLs with high peak power and wide
spectral range.***%

Recent findings revealed that the beatnote of a QCL comb can
be injection-locked to an external RF oscillator while maintaining
full intermodal coherence. This enables all-electric stabilization
similarly to phase-locked loops with increased comb spectral
range and enhanced robustness against optical feedback.
Under an injection current of 0.882 A, the frequency of the
RF signal applied to the device is tuned around the beatnotes
to evaluate the evolution of the injection locking. Figure 2a shows
the testing setup, including temperature control, power supply,
amplifier, RF circulator, signal generator, and high-frequency
connection cables. Figure 2c—e exhibits the measured beatnote
spectra while sweeping the injection frequency across the
beatnote at the first three harmonic-state frequencies. As the fre-
quency of the injected signal approaches the beatnote frequency,
a frequency pulling effect is observed.*>**) This is a nonlinear
mixing effect between the external injected RF beatnote and
the internal electrical beatnote directly generated from the AR.
Therefore, a broadband packaging is the key in the observation
of this frequency pulling effect. The comb beatnotes are fully
controlled by the external RF oscillator within a locking range

Adv. Photonics Res. 2025, 2500062 2500062 (4 of 8)

third-harmonic, and fourth-harmonic beatnotes at an injection current of
frequencies near three different beatnote frequencies: ¢) frr & foeatnotes

Affoek & Kf";% \ /I%y Here, « is a factor related to the quality fac-

tor of the free running oscillator resonator. The resonant locking
range OffRF %ﬁyeatnoter fRF ~ 2 7'\‘ﬁ)eatnotfy andeF ~3 *ﬁ)eatnote: are
respectively 3.4, 2.6, and 1.5 MHz. Due to the different injection
efficiency at different frequencies (Figure 3b), the locking band-
width decreases with the increase of frequency under the same
power RF injection (fgz = 15 dBm). While the injection locking
of the fundamental beatnote has been extensively studied, no
clear demonstrations have been realised on higher-order har-
monic beatnote, especially above the third-order states. The injec-
tion-locking of higher-order states is of particular interest in
high-bit-rate optical communication, photonic analogue-to-digi-
tal conversion, multiphoton imaging, and astronomical fre-
quency comb generation.**!

The coherent injection locking is further verified by com-
paring the emission spectra of QCLs with and without RF
modulations. Figure 3a,c shows the evolution of the spectral
distributions with the RF modulation power and RF modulation
frequency. When RF signal is in resonance with the fundamental
beatnote frequency of the device, a nearly flat center and promi-
nent side band excitation with an extended spectral coverage
from 40 to 75cm™" is observed under a DC bias of 0.882A
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Figure 3. Spectral characterizations for HMIWG QCLs under various RF modulation conditions. a) Spectral sweeping under different RF injection power
at Af=0MHz. b) Spectra for sweeps of the RF injection frequency at RF power = 30 dBm. c) Mode number as a function of the injection power when
Af=0MHz and injection frequency at RF power =30 dBm, respectively. d) Spectral characterizations at RF power = 30 dBm under different frequency
detuning Af=1, 0, —1 MHz, respectively, and compared that with no RF injection. e) Spectral characterizations of second-harmonic injection and third-
harmonic injection at RF power =15 dBm and Af=0MHz, respectively, and comparison with no RF injection.

and 30 dBm RF modulation. A new distribution of the spectral
intensities among the modes is clearly visible. When the RF sig-
nal is tuned away from the beatnote yet still within the locking
range (~3.4 MHz), spectral broadening is also be obtained, but
the broadening effect is reduced and spectral imbalance is
observed, as shown in Figure 3b,c. Therefore, the spectral band-
width of QCL comb is shown to be continuously tunable by vary-
ing the RF injection frequency or power (Figure 3d). In a similar
fashion, we also record the emission spectra of the device with
and without RF modulation when RF modulation is in resonance
with second-harmonic or third-harmonic beatnote in Figure 3e.
Clear spectral broadening and intensity redistribution for both
cases are observed under a DC bias of 0.882A and 15dBm
RF modulation.

For a FP QCL, the spectral bandwidth is influenced by multi-
ple factors, including gain, GVD, Kerr nonlinearity, etc.?” The
external RF modulation near the round-trip frequency, however,
requires no redesign of the laser quantum structure and can
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vastly tune the spectra bandwidth within the locking range, as
demonstrated earlier. Due to the dependence of the locking
range with the injected power, the optimization of the injection
efficiency is crucial to broadening of the spectrum. In a low-
dispersion-engineered cavity, the new excited side bands under
external microwave modulation would exhibit a comblike opera-
tion with a fixed interval between modes. It has been shown that
the comb state inside a QCL is quite sensitive to optical feedback
and optical isolator or neutral density filter is normally used to
reduce this feedback.’”*#*%! Under coherent RF injection lock-
ing,**! QCL comb has shown the enhanced robustness despite of
optical feedback. In this work, the wideband HMIWG and high-
speed packaging further transform the injection-locked QCL into
a high-speed photodetector which is ideal for self-detection of
dual multiheterodyne spectroscopy to verify the comb operation.

Figure 4a is the schematic of a mid-IR self-detecting DCS
based on injection-locked high-speed GVD-engineered QCLs
at A~ 4.6 pm. The two laser beams are collimated first and
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Figure 4. Self-detecting DCS based on injection-locked HMIWG QCLs. a) Experimental setup for self-detecting DCS system based on injection-locked
QCLs. b) Multiheterodyne spectra (real-time acquisition) of the two combs without RF injection and with RF injection. RBW: 510 kHz, acquisition time:
~23.35 ms. c) Beatnotes of the Comb 1 and Comb 2 measured with a spectra analyzer, both linewidths of two combs are less than 1 kHz. d) A typical dual-
comb tooth under RF injection (green line, corresponding to the red circle in Figure 4b) with a FWHM of ~10 kHz, and a typical dual-comb tooth without
RF injection (orange line, corresponding to the red circle in Figure 4b) with an FWHM of 109.4 kHz. The corresponding RBWs are 7.5 and 75 kHz,

respectively.

recombined using a ZnSe-coated beam splitter. A reflecting mir-
ror is placed at the one of combined laser beam for light feedback
into the wideband HMIWG devices for multiheterodyne spec-
troscopy. One of the devices, Comb 1, is used as a fast detector
for recording the multiheterodyne beating signals by exploiting
its fast intersubband relaxation process and the intrinsic nonli-
nearities in the AR. The two devices are biased at currents of
0.882 and 0.780 A, respectively, and installed on the same
water-cooling platform with TEC at 15 °C to suppress the inter
temperature drifting. Figure 4c shows the intermode beatnotes
extracted via a horn antenna (A-INFO-LB-28-10-C-KF) placed at
the vicinity to the lasers. The linewidths of beatnotes for the two
combs are both less than 1kHz and their frequency spacing is
tuned to 6.83 MHz. Strong coherence between the modes is indi-
cated by the narrow linewidths of the intermode beatnotes, which
can be used to monitor the state of the comb operation during
data acquisition. The multiheterodyne signal is extracted via the
RF modulation feeding line from Comb 1 and real-time recorded
using a spectrum analyzer (KEYSIGHT, N9030B, 2 Hz-44 GHz).

Adv. Photonics Res. 2025, 2500062 2500062 (6 of 8)

Compared with the numerical processed double-comb multihe-
terodyne signal in the literature,?**" the real-time observation
method is more convincing and convenient. The dual-comb mul-
tiheterodyne spectrum of the two combs under RF injection
exhibits a coverage of ~1.4 GHz containing a total ~200 comb
lines, as seen in the lower panel of Figure 4b. This corresponds to
a spectrum spanning of 68 cm™", which matches well with the
spectral overlap range under RF injection (75 cm™") and demon-
strates that the devices operate as frequency combs on the whole
spectral bandwidth. When the RF injection source on Comb 2 is
turned off, the self-detecting dual-comb multiheterodyne band-
width shrinks to 25cm™" and the RF signal becomes unstable
and instantaneous owing to the optical feedback to the unlocked
comb device. The full-width at half-maximum (FWHM) of a dual-
comb tooth without RF injection is 109.4 kHz. Under RF injec-
tion, the FWHM of a dual-comb tooth is significantly reduced to
~10 kHz. This is about two-order of magnitude lower than that
of unlocked dual-comb heterodyne tooth linewidth using an
external photodetector.*” The clear dual-comb teeth with

© 2025 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH
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reduced linewidth prove the devices operate under injection-
locked comb states well-defined phase relation among different
modes. Note that the comb lines of the multiheterodyne spec-
trum from the injection-locked self-detecting QCL DCS exhibits
enhanced SNRs of 25-40dB. This is compared to SNRs of
~10-25dB from DCS system without RF injection shown in
the upper panel of Figure 4b or free running cases in refs. [49,50].
The enhanced SNRs here is attributed to the stabilization feature
of the RF injection locking technique. At the same time, the obvi-
ous broadening of the dual-comb heterodyne RF spectra under
RF injection is clearly attributed to the enhanced spectral band-
width enabled by the RF modulation. Compared with the
dual-comb system without RF injection locking,P" the present
self-detection system under injection locking can withstand
strong optical feedback up to ~10% of the emitted power from
each device. The two collimated and combined beams possess
much stronger beam spatial intensity and thus is advantageous
in detecting highly absorbing matters. The last but not the least,
the current self-detecting DCS system doesn’t require the use of
external detectors as well as numerical processing of the RF het-
erodyne signal, therefore, can be easily adapted into a DCS for
sensing spectroscopy application with a much compact format
and reduced system complexity (see Supporting Information).

3. Conclusion

Self-detecting DCS without external detectors is highly desired
and would significantly simplify the present DCS system.
QCL comb with intrinsic bandwidth up to tens of GHz is ideal
for high-speed photodetection. This makes it possible for self-
detection. However, self-detecting DCS in the mid-IR frequency
range has yet to be demonstrated with similar spectral bandwidth
and robustness to those if the DCS using external detectors. In
this work, we demonstrated a compact self-detecting DCS system
based on dispersion-engineered QCLs under high-speed packag-
ing and coherent RF injection locking. The HMIWG device is
fabricated to obtain a comb light source at A ~ 4.6 pm with wide
spectrum, high power, and strong coherence, which provides a
reliable support for the self-detecting DCS. Harmonic states up
to fourth order at 40.20 GHz is observed from a free-running
QCL comb. Meanwhile, coherent RF injection up to the third-
order harmonic state and clear spectral broadening are achieved,
demonstrating the high-speed feature of the device design and
packaging. Coherent RF injection locking enable QCL comb
withstanding strong optical feedback and make it ideal for
dual-comb self-detection. Broad multiheterodyne signal corre-
sponding to 68 cm™" spectral coverage and narrow dual-comb
tooth ~10kHz is recorded from the self-detecting DCS system,
which show the unique advantages in intermode coherence,
high-power output, spectral broadening, and system simplifica-
tion. In the future, we will use a stable external frequency source
to stabilize the comb frequency and further enhance the system
resolution for future spectroscopy application.*? In conclusion,
the use of dispersion engineering, high-speed packaging, and RF
injection provides all the necessary features for DCS and will lead
to monolithic-integrated DCS where optical feedback is inevita-
ble and could be properly addressed under the presented high-
speed injection-locking scheme. The features of high power,
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wide spectrum, narrow RF comb linewidth, and simple format
would further promote mid-IR DCS from fundamental research
to wide range application.

4. Experimental Section

The QCL comb wafer was grown by metal-organic chemical vapor depo-
sition (MOCVD) using the InGaAs/AlInAs material system on an n-InP:Si
(2 x 10" cm™®) substrate. The template preparation starts with a InP
buffer layer (2 x 10"®cm™), a 1.2 um thick InGaAs passive waveguide,
and a 1.6 pm thick InP spacing layer. The doping level of the spacing layer
grades from 5 x 10" to 1 x 10" cm ™2 during growth target the desired
evanescent coupling. After a 40-stage single-core AR growth placed
between two 100 nm thin layers of InGaAs (2 x 10'® cm™2), the top clad-
ding layers were then grown. The top cladding layers sequence is 3 pm
thick InP cladding layer (2 x 10'® cm™) and 0.5 pm thick InP contact layer
(5 x 10" cm ™). Ridge widths of 6.5 and 12 um for the AR and passive
waveguides were targeted in the wet-etching fabrication process prior
to the lateral InP:Fe-insulating layer was grown by MOCVD. Finally, the
segregated CPW was dry-etched using SiO, as the hard mask to reduce
the inherent parasitic capacitance. The device was then bonded to a wide-
band CPW transition on AIN substrate which was used as an interposer
connection between mini SMP cables and QCL.

All of the 2D simulations were carried out by using COMSOL
Multiphysics 6.1. A module of electromagnetic waves, frequency domain
under the catalog of optics, was utilized to simulate the optical modes for
various geometries of the HMIWG device.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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