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Universidade de Lisboa, 1049-001 Lisbon, Portugal

4Instituto de Engenharia de Sistemas e Computadores – Microsistemas
e Nanotecnologias (INESC MN), 1000-029 Lisbon, Portugal

5Dipartimento di Elettronica e Telecomunicazioni, Politecnico di Torino, 10129 Torino, Italy
6Dipartimento di Fisica Interateneo, Università e Politecnico di Bari, 70126 Bari, Italy
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Despite the ongoing progress in integrated optical frequency comb technology [1], compact sources
of short bright pulses in the mid-infrared wavelength range from 3 µm to 12 µm so far remained
beyond reach. The state-of-the-art ultrafast pulse emitters in the mid-infrared are complex, bulky,
and inefficient systems based on the downconversion of near-infrared or visible pulsed laser sources.
Here we show a purely DC-driven semiconductor laser chip that generates one picosecond solitons
at the center wavelength of 8.3 µm at GHz repetition rates. The soliton generation scheme is akin
to that of passive nonlinear Kerr resonators [2]. It relies on a fast bistability in active nonlinear
laser resonators, unlike traditional passive mode-locking which relies on saturable absorbers [3]
or active mode-locking by gain modulation in semiconductor lasers [4]. Monolithic integration of
all components — drive laser, active ring resonator, coupler, and pump filter — enables turnkey
generation of bright solitons that remain robust for hours of continuous operation without active
stabilization. Such devices can be readily produced at industrial laser foundries using standard
fabrication protocols. Our work unifies the physics of active and passive microresonator frequency
combs, while simultaneously establishing a technology for nonlinear integrated photonics in the
mid-infrared [5].

Short optical pulses have revolutionized a range of
applications, from high-resolution imaging and ultrafast
spectroscopy to optical communications [6], laser-based
medical procedures [7], and light ranging [8]. They play
a pivotal role in nonlinear optics, enabling a variety of
phenomena such as supercontinuum generation [9] and
optical frequency conversion that are at the heart of op-
tical atomic clocks [10]. Over the past two decades,
there has been a remarkable progress in miniaturizing
pulsed optical sources and transitioning them from table-
top experimental setups to compact photonic integrated
chips. The two primary technologies driving this effort
are semiconductor mode-locked lasers (SMLLs) and non-
linear microresonator frequency combs [1]. These tech-
nologies may reduce the size and complexity of optical
atomic clocks [11, 12], pave the way to terabit-per-second
telecommunication links [3, 13], and provide new tools
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for linear and nonlinear absorption spectroscopy [14, 15].
The near-infrared wavelength range (0.8 − 2.5 µm) has
an abundance of compact pulsed sources based both on
SMLLs and nonlinear resonators. In contrast, there has
been a scarce number of demonstrations of integrated
photonic pulse generators in the mid-infrared wavelength
range (3− 12 µm), strategic to applications in gas sens-
ing and spectroscopy. The only devices in this range
that are compatible with photonic integration and capa-
ble of directly generating coherent mid-infrared radiation
are interband cascade lasers (ICLs) and quantum cascade
lasers (QCLs).

While recently there have been significant advance-
ments in pulse generation using these platforms, major
limitations still exist that hinder their deployment in ap-
plications. ICLs, that operate at 3 − 6 µm, have shown
modest milliwatt-level average optical power and the
pulse durations limited to several picoseconds [4]. QCLs,
which are most efficient in the 4.5 − 12 µm range, now
routinely reach Watt-level output power [16, 17] and have
recently entered the femtosecond regime [18]. However,
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achieving subpicosecond pulse duration required spectral
broadening and external pulse shaping involving strong
radiofrequency modulation of the laser bias, a tabletop
delay line, and an optical isolator to prevent laser desta-
bilization due to optical feedback. These aspects pose a
challenge for miniaturization of the system.

We address this challenge by introducing a new
feedback-insensitive and isolator-free semiconductor laser
architecture, capable of generating bright picosecond,
mid-infrared pulses directly on a laser chip without any
external compression. Pulse generation is enabled by a
new driving scheme that does not rely on active or passive
mode-locking as in SMLLs; instead, it is inspired by the
soliton excitation techniques developed for passive Kerr
microresonators and is enabled by an experimental unifi-
cation of the physics of dissipative solitons in passive and
active cavities based on a generalized Lugiato-Lefever
equation (GLLE) [19]. This equation extends the LLE
— which was originally formulated for resonators without
population inversion [20] — to ring lasers driven above
threshold [21, 22]. Although we perform our demonstra-
tion using a QCL emitting at 8.3 µm, this approach ap-
plies to any device of such class across the mid-infrared.
The chip-scale pulse generators shown here thus extend
the spectral gamut covered by the SMLLs and Kerr mi-
croresonators to the entire mid-infrared range (Fig. 1a).

Pulsed operation of a semiconductor laser requires
both a mechanism for pulse formation and a mechanism
for pulse stabilization. In SMMLs the pulse is formed
and stabilized by an intracavity saturable absorber, that
opens a short temporal window of net gain only for the
optical pulse, and attenuates the background, preventing
its growth and pulse destabilization (Fig. 1b). A compet-
ing destabilizing effect of the optical gain, that acts such
as to amplify the noise spikes on the low-intensity back-
ground, is weak if the active medium is slow as the gain
does not have the time to recover after being depleted by
the pulse. In contrast, in lasers with a fast gain recovery
a saturable absorber is not able to stabilize the pulse.
It is for this reason, that mid-infrared QCLs, where the
gain recovery time is typically less than a picosecond,
up to now could not be passively mode-locked to emit
pulses. In free-running standing-wave cavity Fabry-Perot
QCLs, the locked frequency comb state corresponds to a
frequency-modulated (FM) wave with a nearly flat in-
tensity in the time domain [24–27]. In traveling-wave
ring QCLs frequency comb operation yields gray or dark
— instead of bright — pulses, on a high intensity back-
ground [28, 29].

An alternative pulse stabilizing mechanism is optical
bistability that may occur in resonators where the optical
susceptibility of the host material depends on the intra-
cavity field intensity. In passive resonators, the suscepti-
bility can be taken as purely real in the limit of large de-
tuning of the frequency of optical field from the material
absorption frequency. The intensity-dependent real part
of susceptibility, the refractive index, is at the origin of

stable soliton formation in passive systems with no opti-
cal gain, such as fiber loop resonators [30] and waveguide-
based microresonators [2]. In these systems, a coherent
CW laser field injected into the resonator may break up
into one or multiple pulses that are formed by the com-
peting action of the nonlinearity and the cavity disper-
sion. The typical soliton excitation scheme involves scan-
ning the wavelength of the external pump laser through
resonance from the blue-detuned side to the red-detuned
side (forward scan) [31]. During the scan, the CW pump
undergoes an instability and forms one or several cavity
solitons (Fig. 1c). Once excited, these solitons remain
stable against noise when the driving field is effectively
red-detuned from the cavity resonance. Solitons cannot
be excited by scanning the laser wavelength from the red-
detuned to the blue-detuned side of the resonance (back-
ward scan) — a manifestation of the bistable behavior of
this optical system (Fig. 1c).

Here we experimentally demonstrate hybrid nonlinear
photonic devices by applying the framework of soliton
generation in passive Kerr microresonators to a semicon-
ductor laser above its threshold. We consider a traveling-
wave ring cavity filled with the optical gain medium
where the bistability stems from the resonant third-order
nonlinearity. In a laser cavity the medium susceptibility
is as well intensity-dependent, by virtue of gain satu-
ration. Temporal changes in the field intensity lead to
changes in the imaginary part of the susceptibility. The
real part of the susceptibility, inherently dependent on
its imaginary part, will equally follow changes in the in-
tracavity field intensity. This behaviour leads to the re-
fractive nonlinearity that is akin to the Kerr nonlinear-
ity of passive microresonators. In a semiconductor with
fast gain, the refractive nonlinearity can be quantified by
the laser linewidth enhancement factor (LEF) [32], which
in QCLs has been shown to originate from the Bloch
gain [33]. Unlike the bulk crystal Kerr nonlinearity, the
nonlinearity induced by the LEF is strongly dispersive,
and the nonlinear coefficient may even attain both pos-
itive and negative values at different frequencies within
the gain bandwidth [34].

The nonlinear active resonators have two important
differences with respect to passive Kerr resonators. First,
whereas the gain medium is fast, with the typical gain re-
covery time on the order of a few hundred femtoseconds,
the nonlinearity itself that arises from the saturation of
the fast gain is still slower than the almost instantaneous
Kerr nonlinearity of passive resonators. The slow non-
linearity limits the bandwidth over which it acts, albeit
stronger than a fast nonlinearity [35]. Second, unlike in
an optically pumped microresonator, the optical pump
field is generated directly inside the ring laser cavity
above its threshold. In a free-running laser, the pump
frequency is tightly linked to the position of the laser
cold cavity resonance, and its detuning from the reso-
nance cannot be freely controlled; the laser operates at
an optimal wavelength located between the peak of the
cavity resonance and the peak of the saturated gain [36].
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FIG. 1. Pulse generation in integrated resonator systems. a. Spectral coverage of the three photonic integrated
technology stacks for on-chip short pulse generation. Semiconductor mode-locked laser (SMLL) and Kerr microresonator
spectral coverage data are taken from ref. [1]. b. SMLL comprises a forward biased gain section and a reverse biased saturable
absorber (SA) section. Reverse biasing the SA section (PSA = −0.8Pth) and increasing the pumping of the forward-biased gain
section allow a transition from a CW waveform to a mode-locked pulsed operation. The panels show the simulated waveforms
and optical spectra of the intracavity field in a SMLL at different values of the gain section pumping. c. Passive Kerr resonator
optically pumped by an external laser experiences a bistable behavior in the output intensity as a function of the detuning
θ of the laser wavelength from the Kerr cavity resonance. Here the middle panel shows the mean intracavity intensity as
function of detuning. The intensity values are artificially flipped by multiplying with −1 to facilitate the visual comparison
with the experimental plots later in the manuscript, where not the intracavity intensity, but the measured output intensity is
shown. On a forward scan (blue-detuned to red-detuned, orange curve in the middle panel) the resonator transmission shows
a series of steps signifying generation of one or several cavity solitons, which cannot be generated on a backward scan (gray
curve in the middle panel). The simulations are based on the GLLE [19]. State-of-the-art fabrication technology now allows
monolithic integration of the pump laser with a passive resonator [23]. d. Active quantum cascade (QC) resonator with an
on-chip integrated drive laser. The soliton excitation scheme is similar to that of passive Kerr resonators and entails scanning
the frequency of the drive laser through the lasing resonance of the active racetrack resonator. The associated output intensity
(orange curve — forward scan, gray curve — backward scan) exhibits optical bistability and a characteristic step in transmission
when generating one or several cavity solitons on a forward wavelength scan.

As a result, the bistability cannot be reached without a
control over the field detuning, and thus, bright solitons
cannot be generated in free-running lasers [29].

Injecting an external control optical field from a
wavelength-tunable laser enables the bistability and al-
lows one to overcome this limitation. In such an exter-
nally driven scheme, the intracavity field will injection
lock to the drive field when the frequency detuning be-
tween the two is sufficiently small (Fig. 1d). The in-
tracavity field frequency will follow the frequency of the

drive field — as long as the drive field remains within
the finite locking range of frequencies — thus effectively
decoupling it from the cavity resonance. Previously we
theoretically proposed that such a scheme would allow
the generation of optical solitons in a laser once the in-
tracavity field is injection locked to the drive field and the
intensity of the driving field is first increased, and then
decreased [19]. Alternatively, akin to the soliton genera-
tion scheme of Kerr microresonators, we find that solitons
can be generated by performing wavelength scans of the
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to the integrated heater (see Methods for further details on resonance tuning). ECL, external cavity laser. POL, polarizer.
RT, racetrack resonator. WG, waveguide coupler. IFG, interferogram signal. OUT, output intensity detector. DAQ, data
acquisition board. The high-resolution optical spectrum shows RT and ECL in proximity to each other (ECL on the blue side
of the RT) at the onset of the detuning scan. b. Output intensity (orange) and interferogram (gray) acquired upon a forward
wavelength scan (blue-detuned to red-detuned). c. Short-time FFT of the output intensity trace on the forward scan showing
the heterodyne notes at the onset of injection locking of the RT lasing frequency to that of the ECL. d. Output intensity and
interferogram on a backward wavelength scan (red-detuned to blue-detuned). e. Short-time FFT of the output intensity trace
on the backward scan showing the characteristic step signifying soliton generation. f. Overlaid output intensity curves over
one thousand backward scans, showing multistability of the soliton states. The traces are aligned so that the first steps in the
output intensity coincide. g. Reconstructed output temporal waveform of the driven soliton generator over two consecutive
roundtrips. h. Optical spectrum of the waveform in g. The inset shows the corresponding RF spectrum of the intermode
beatnote. i. Optical spectra of multiple soliton states, obtained on the backward scan, corresponding to the different steps in
the output intensity seen in f.

drive field through the lasing resonance (Fig. 1d). The
intracavity field injection locks to the drive and generates
one or several cavity solitons — in direct analogy with
passive Kerr microresonators.

We generate solitons in active racetrack (RT) QC res-
onators, operated above their lasing threshold [37]. The
RT operates as a single-mode laser when a drive signal in-
jected through an on-chip directional coupler from an ex-
ternal cavity laser (ECL) is detuned far off the RT lasing
resonance (Fig. 2a). The RT QCL operates in a unidirec-
tional regime — an essential prerequisite to the soliton

generation in active laser resonators [19]. Furthermore,
unidirectional operation makes the ring laser essentially
feedback-insensitive — lifting the requirement of an op-
tical isolator. The back-reflected wave quickly dies out
inside of the resonator since the gain is strongly satu-
rated by the forward propagating intracavity field [29].
By sweeping the current of the integrated heater (HT)
we can move the RT lasing resonance with respect to
the drive to perform the wavelength scans [38]. In the
backward wavelength scan (RT lasing resonance scanning
from the red-detuned side to the blue-detuned side of the
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soliton generator over two consecutive cavity roundtrips with filter off and filter on.

ECL frequency), the RT remains in single-mode opera-
tion, when being both in resonance and out of resonance
(Fig. 2b, c). On the forward wavelength scan (RT tuned
from blue-detuned to red-detuned), the output intensity
features a characteristic step-like drop, at which a soliton
is generated (Fig. 2d, g). This step is a defining feature
of soliton generation in both passive Kerr resonators and
fiber resonators [31, 39]. Importantly, the RT remains
injection-locked to the ECL drive field throughout the
backward scan, (Fig. 2e). The soliton spectrum is com-
prised of a strong pump and drive field line and a fam-
ily of equidistant modes on one side of the pump line
(Fig. 2h). Performing identical backward scans multi-
ple times reveals the existence of several possible steps
in the output intensity (Fig. 2f) signifying the multista-
bility of the soliton states — a feature inherent to soli-
tons. Single- and multisoliton states can be excited in a
stochastic manner by performing the same scan multiple
times (Fig. 2h, i).

We found the salient spectral asymmetry to be a gen-
eral feature of our active resonator solitons. It stands
in a strong contrast with the highly symmetric spectra
of passive resonator solitons. While the spectral asym-
metry is not captured by the GLLE model, we hint to-
wards three factors that may be causing it. First, taking
into account higher order dispersion in the GLLE yields
asymmetric states in simulations. Second, the highly dis-
persive nature of the nonlinearity induced by the LEF
may as well a contributing factor to the observed spec-
tral shape. Third, the GLLE assumes laser operation
with no detuning of the pump field from the gain peak.
In reality, it is hardly ever the case, and the intracav-
ity field is likely detuned from the gain peak by a finite

value. We have found the detuning of the drive laser fre-
quency from the gain peak to be a contributing factor to
the spectral asymmetry.

One impeding characteristic of the driven cavity soli-
tons is the presence of a strong background driving field
that manifests itself in a mode 20 − 30 dB greater than
the rest of the soliton spectrum. This feature necessi-
tates the use of detectors with high dynamic range and
may cause gain depletion of optical amplifiers by the un-
necessarily strong laser line. In passive Kerr resonators
the pump is typically filtered out by an external fiber
Bragg grating [40] or by outcoupling the intracavity field
through an add-drop waveguide [41]. The first approach
is not compatible with photonic integration as the mid-
infrared optics is based on free-space components. The
second approach would not work with the active res-
onators presented here, since the pump field that drives
soliton formation, despite being controlled by an exter-
nally injected field, arises directly inside the cavity and
would be equally outcoupled through the drop port.

Instead, we achieve pump suppression with a photonic
integrated notch filter. An active ring resonator driven
below the lasing threshold can act as such a filter, where
the coupling condition, the quality factor, and the res-
onance frequency can be tuned independently via elec-
trical pumping [37]. Such a notch filter targeting only
one laser line can be naturally integrated on the same
chip with the soliton generator. In our implementation,
both the soliton generator and the notch filter are identi-
cal racetrack resonators connected via a bus waveguide.
The resonators have nominally equal free spectral range
(FSR) which can be finely tuned by adjusting the pump
current in both resonators and the integrated heaters
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biases of RT, FP, and HT. e. PSD in the soliton state, acquired at equally distributed time intervals, showing an uninterrupted
and intact soliton state over a span of four hours.

(Fig. 3a). The soliton is generated by an off-chip ECL
in the first RT QCL driven above threshold, as in Fig. 2,
and the pump line is subsequently filtered by the second
RT QCL, operated below threshold (Fig. 3a). Fig. 3b
shows the spectrogram of the output of this chip while
tuning the bias of the notch filter. The filter is close to the
critical coupling, and its FSR is slightly detuned from the
intermode spacing of the soliton frequency comb, so that,
relying on a Vernier effect, it filters out one comb line at
each current setting. The filter suppresses the pump line
by 45 dB when tuned in resonance with the driving field
(Fig. 3c). Fig. 3d shows the spectra of the output state
when the filter is turned off and on, signifying the highly
selective suppression of the driving field, while mildly af-
fecting the rest of the comb spectrum. A soliton on a
high-intensity background turns into a background-free

bright pulse when the filter is switched on. (Fig. 3e).

The requirement of an additional external laser to drive
the formation of solitons and the reliance on the precise
optical alignment of the system would hinder the practi-
cal deployment of these devices in real applications. To
address this issue we further demonstrate a mid-infrared
photonic chip where the pump laser is monolithically in-
tegrated with the active racetrack resonator. Fig. 4a
shows such a chip where the drive signal is derived from
a Fabry-Perot (FP) cavity laser that is butt-coupled to
the waveguide directional coupler. Bringing the FP and
the RT above their lasing thresholds, both in single-mode
operation, and tuning the current of the heater (HT) in-
tegrated next to RT, we perform the wavelength sweep of
the FP through the RT resonance in the same way as was
done with an external drive laser. On a red-detuned to
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blue-detuned backward scan over a finite range of detun-
ing the output intensity exhibits low-frequency fluctua-
tions (Fig. 4b), strongly reminiscent of the modulation
instability comb regime in passive Kerr resonators [31].
As in Kerr resonators, the associated RF spectrum of the
intermode beat note features multiple frequency tones.
On the forward scan (blue-detuned to red-detuned), soli-
ton formation is associated with the disappearance of the
intensity fluctuations in the laser output, while the driver
laser is still in resonance, and the emergence of a stable
microwave tone at the roundtrip frequency, signifying the
high degree of the phase coherence of the multimode state
(Fig. 4b). The spectrum of the soliton state features tens
of lines, all mutually locked, giving rise to a stable bright
pulse emission on top of the CW background (Fig. 4c).

Another superior attribute of the integrated soliton
generator, besides its compactness, is the long-term sta-
bility of the soliton state and its ability to recover upon
power cycling. We demonstrate turnkey soliton genera-
tion and perfect state recovery in a sequence of power
cycles by switching on and off the drive currents of the
integrated components in a prescribed manner (Fig. 4d).
The soliton state initiated in this way remains stable for
hours of continuous operation (Fig. 4e). These features
of the fully integrated system are as well prevalent in
Si3N4 Kerr resonators heterogeneously integrated with
III-V semiconductor pump lasers [42].

The demonstrated devices are prototypical compo-
nents for more elaborate mid-infrared photonic inte-
grated architectures for short pulse generation. We
showed the first DC-driven, chip-scale pulse generator
in this wavelength range. A straightforward, at the same
time, key improvement will be to raise the peak pulse
intensity to the level suitable for supercontinuum gener-
ation in nonlinear crystals, chalcogenide glass fibers, and
passive III-V/Si/Ge waveguides [43]. Power gains can be
achieved by improved chip thermal management (buried
heterostructure regrowth, epidown mounting) and by
combining the designs shown in Fig. 3 and Fig. 4 with
an additional integration of a semiconductor optical am-
plifier at the end of the waveguide coupler. Although the
current demonstration is performed at 8.3 µm, our ap-
proach generalizes throughout the mid-infrared (4 − 12
µm) by engineering the QCL active region, and poten-
tially, to shorter wavelengths using other semiconductor
laser gain media — interband cascade, quantum well,
quantum dot, and quantum dash. Soliton mode-locking
reliant on a bistability may be a compelling alternative to
passive mode-locking with a saturable absorber in these
laser systems as the absorber induces additional cavity
loss that limits the average optical power and the pulse
energy.

The maturity of both semiconductor lasers, active res-
onators, and nonlinear Kerr cavities, passive resonators,
invites one to consider the shift in the near future to-
wards hybrid passive-active nonlinear integrated systems.
On one hand, passive Si3N4 nonlinear resonators can be
endowed with active functions — amplification and las-

ing — by ion implantation [44, 45] or by heterogeneous
and monolithic integration of the III-V active regions and
passive waveguides [23]. On the other hand, as we show
here, concepts initially coined in the context of passive
cavities can be extended to resonators with gain, allow-
ing observation of new phenomena, such as direct on-chip
bright pulse generation, up to now regarded as improba-
ble in QCLs due to the absence of a suitable mode-locking
mechanism.
In this work, all components, including the routing

waveguides, are made of active media, necessitating elec-
trical biasing to reduce optical loss. Further monolithic
integration of III-V passive semiconductor waveguides
with QC active media [46, 47] should enable larger-scale
integrated architectures for linear and nonlinear absorp-
tion spectroscopy, absolute time and frequency metrology
in the 4 − 12 µm window, and free-space optical com-
munications [48]. For instance, on-chip dual-comb QCL
spectrometers is a long-standing vision proponed multi-
ple times the past [49]. The fact that it is now possible to
have multiple active components on a chip — including
lasers above threshold — biased independently and work-
ing simultaneously, each fulfilling their own function, is
another non-trivial and important result of this work.
The intrinsic immunity of the ring resonator based QCL
frequency combs to delayed optical feedback [29] further
justifies the on-chip integration of such components to
create functional spectroscopic and metrological systems,
eliminating the need for an optical isolator.

METHODS

Generalized model. Numerical simulations are car-
ried out by integrating the GLLE model on a regular
CPU. The simulation parameters are identical to those
in Ref. [50]. The simulations of both passive and active
devices based on the GLLE, were performed using two
different integration schemes, verifying the robustness of
our theoretical predictions. One code is based on the
Exponential Time Stepping scheme [51] with large spa-
tial grids (500-10000 points) and time steps optimized for
stability, convergence and numerical efficiency. The sec-
ond scheme is based on the modal decomposition of the
electric field E in terms of the longitudinal modes of the
cold cavity. The field is expanded into 2N+1 modes (the
central one and N modes for each side of the spectrum).
Typically, N = 100.
We further provide an application (MAC OS and Win-

dows) for a custom GUI-enhanced GLLE solver that
we used for rapid prototyping of the longer parameter
sweeps.
Device fabrication and operation. The lasers emit

at around 8.3 µm and have a structure consisting of
GaInAs/AlInAs layers on an InP substrate. The active
region band structure design is based on a single-phonon
continuum depopulation scheme. The waveguides are dry
etched (6 µm depth) using the standard ridge process
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with optical lithography. The dry etch results in nearly
90◦ vertical waveguide sidewalls. Waveguide width is 10
µm, the curved section of the racetrack is a semicircle
with a radius of 500 µm, and the length of the straight
section is 785 µm for the devices in Fig. 2 and 3 (FSR
18.6 GHz), and 1.5 mm for the device in Fig. 4 (FSR
13.8 GHz). The air gap in the directional coupler sec-
tion is 1 µm wide. The facets of the Fabry-Perot pump
lasers and of the waveguide couplers are left as cleaved
or are dry etched in places where the optical coupling
occurs on the chip. Laser dies are indium soldered epi-
side up on copper carriers and individual contact sec-
tions are wirebonded to PCBs. All chips are placed on
temperature-stabilized heat sinks at 16◦C. All compo-
nents (laser resonators, waveguide couplers, heaters) are
individually biased with low-noise current sources (Wave-
length Electronics QCL1500 or QCL2000).

Optical injection setup. The coherent optical drive
signal is derived from a custom-built external cavity tun-
able QCL (ECL) by DRS Daylight Solutions. The beam
from the ECL is focused onto the WG facet with an as-
pheric antireflection coated lens (NA= 0.56) and the out-
put radiation is collected at the opposite WG facet with
an identical lens. Part of the output is focused directly
onto an MCT photodetector (VIGO photonics, 300 MHz
cutoff) for the output power/transmission measurement.
Another part is sent through a Michelson interferometer
onto an MCT photodetector (VIGO photonics, 1 GHz
cutoff) for acquisition of an interferogram and of an op-
tical spectrum. The detector outputs are sampled at 1.8
GSa/s (output intensity) and 7 MSa/s (interferogram)
using data acquisition (DAQ) and oscilloscope (OSC)
modules of the Zurich Instruments MF and UHF lock-in
amplifiers. We control the resonance detuning and per-
form the resonance sweep scans by fixig the wavelength
of the ECL and applying a triangular wave modulation
with a function generator (SWEEP box) to the electrical
drive current of heater integrated next to the racetrack
resonator. An RF spectrum of the intermode beatnote
is acquired by bringing an RF probe in contact with a
laser die. The temporal waveforms are reconstructed us-

ing SWIFTS [52].
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