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ABSTRACT
In this work, a design for a mid-infrared quantum cascade laser frequency comb source that enhances the high frequency response and the
comb characteristics of the device is presented. A state-of-the-art active region, grown on a heavily n-doped InP:Si substrate, was processed
into a buried heterostructure with a microstrip-like line waveguide. As a result, the repetition rate frequency frep, around 11.09 GHz, can be
locked to an injected narrow-linewidth radio frequency (RF) signal, over a range of more than 200 kHz with an injected power of 10 dBm,
which outperforms normal buried heterostructure schemes by an order of magnitude. Moreover, under RF injection at powers higher than
20 dBm, the lasing spectrum is ﬂattened and signiﬁcantly broadened, from 24 cm1 to 65 cm1 in bandwidth, while at the same time, the
coherence of the comb is maintained and veriﬁed.
C 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
V

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0040882

Quantum cascade lasers (QCLs) are unipolar semiconductor
devices, based on intersubband transitions in coupled quantum wells
and barrier systems, which have become the dominant light source in
the mid-infrared part of the electromagnetic spectrum1 and are rapidly
becoming serious contenders for the terahertz (THz) region.2,3 These
devices are monolithic and electrically pumped, and they naturally
operate as frequency combs in both the mid-infrared4,5 and THz
regions,6,7 making them prized devices for coherent spectroscopy8–13
in those spectral regions. The characteristics of a QCL device operating
as a frequency comb are a broad and phase-locked optical spectrum of
equidistant modes, together with a strong narrow radio frequency
(RF) beatnote generated by the beating of these optical modes.4
One unique property of QCLs is their ultrafast carrier relaxation
lifetimes, which are on the order of picoseconds (ps), mainly inﬂuenced
by phonon-assisted intersubband scattering.14 This means that carrier
populations can track the intracavity beating between the optical modes,
which, combined with an intrinsic cutoff in the tens of GHz,14,15 permits the electronic beat signal at the repetition rate frequency frep to be
observed on the bias line. This logic applies vice versa, allowing a coupling between the optical modes and an injected RF signal.16–18
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High-frequency modulation and injection locking are extremely
interesting for the ﬁeld of QCL frequency combs and dual-comb spectroscopy. It has been experimentally proven that by injecting a microwave signal at the cavity frep, it is possible to further stabilize the
comb.19,20 It is also an important element for active mode locking of
QCLs, demonstrated not only in the THz range17,21,22 but also in the
mid-infrared for interband cascade lasers23 and QCLs.24
In this work, we are interested in further exploring the response
and prospects of controlling the QCL comb state when the source laser
geometry has been optimized for external microwave modulation.
One of the key factors for efﬁciently injecting a fast external modulation signal, and using it to dynamically control the QCL comb, is ultimately the device package, that is, the device geometry and its biasing
network, used to inject the external signals. In this aspect, we designed
a scheme for a mid-infrared QCL waveguide, similar to a microwave
microstrip, where a dielectric is sandwiched between two metallic
layers acting as a microwave waveguide. This approach, commonly
known in the QCL community as the “double metal” conﬁguration,
while extensively used in the THz region,25 for mid-infrared QCLs has
shown limited performance and devices operated only at cryogenic
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temperatures,26–28 as having metallic layers in proximity to the active
region introduces a great deal of optical losses.29
In contrast to previous double-metal designs, instead of using
metallic layers for the top and bottom contacts, and wafer bonding the
device on a substrate, a different approach is taken: the device waveguide is monolithically fabricated on a very heavily n-doped InP:Si
substrate, together with a likewise heavily n-doped upper cladding,
designed to replace both metallic microstrips, thereby controlling and
minimizing the optical losses. The epitaxial topside of the devices is
reduced in size, aiming to decrease parasitic capacitance, to extend the
cutoff frequency, and, therefore, to improve the electrical response to
RF signals and to enhance the coupling between the optical comb formation and the carrier transport.30 A schematic of the conceived
device is illustrated in Fig. 1(a).
The device substrate is a heavily n-doped InP:Si, with a doping
concentration of 8  1018 cm3 . In order to avoid high optical losses
induced by the many free carriers, the QCL active region (AR) is not
directly grown on the substrate. Instead, ﬁrst, a buffer of two lower
doped (2  1016  1  1017 cm3 ) InP:Si layers is grown by metalorganic vapor epitaxy (MOVPE). After the InP buffer layer, the QCL
active region structure is grown by means of molecular beam epitaxy
(MBE). It consists of a strain-compensated In0.592Ga0.408As/In0.36
Al0.65As heterogeneous stack of two bound-to-continuum active
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regions,5 covering two different wavelength regions at 8.02 lm (1247
cm1 ) and 8.45 lm (1183 cm1 ).
The rest of the n-doped InP:Si top cladding is grown additionally by MOVPE. The layer sequence can be found in Table S1 in
the supplementary material. The strategy adopted for the top cladding was to gradually increase the n-doping concentration further
away from the QCL active region, aiming to increase the overlap
with the optical mode and to maintain optical losses to a minimum
and the group velocity dispersion (GVD) ﬂat and close to zero.31,32
A simulation of the expected GVD of the fundamental optical
mode is shown in Fig. 1(e), red curve and of the electric ﬁeld proﬁle
and overlap factor with the AR of the RF mode in the supplementary material (Fig. S1).
The grown material is then fabricated into QCL buried heterostructure devices,33,34 with AR widths between 6 and 8 lm. The devices are then further processed into a microstrip line waveguide
conﬁguration with parallel ground electrodes: the sides of the laser
ridge are etched down by 16 lm to reach the heavily doped InP:Si
substrate, leaving a 40-lm-wide topside central contact. In the etched
trenches, metallic layers are also deposited, to act as ground contacts,
each at a lateral distance of 15 lm from the central metallic top contact. Finally, a 4-lm-thick layer of gold is electroplated on all the
metallic contacts, to improve heat extraction, device robustness, and

FIG. 1. (a) Schematic of a QCL frequency comb with a microstrip-like line waveguide geometry. (b) SEM micrograph of a ﬁnalized fabricated device. (c) The Z-probe in contact
with the microstrip-like QCL. (d) The experimental setup: the RF signal generation and modulation are in the red-shaded area, and the coherent detection is in the blue-shaded
area. The optical signal from the QCL is detected using both an MCT (Mercury Cadmium Telluride detector) and a QWIP (Quantum Well Infrared Photodetector) behind an
interferometer in a folded Mach–Zehnder conﬁguration. The electrical beatnote is extracted via a bias-tee. A circulator is used to enable simultaneous injection and detection.
(e) The simulated (red) and measured (blue) curves of the group velocity dispersion (GVD) around the relevant spectral span. Inset: the simulated mode at 1220 cm1 . (f) LIV
characteristic curves at 25, 15, and 5  C. (g) Normalized rectiﬁcation voltage for two kinds of devices: normal buried heterostructure frequency comb QCL (blue curve)
and microstrip-like line waveguide QCL optimized for RF injection (orange curve).
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contact with the probe electrodes. See in Fig. 1(b) a SEM micrograph
of a ﬁnished device.
The devices are lapped down to 190 lm and a metallic layer is
deposited to the bottom side, to help with soldering and heat extraction. The devices are ﬁnally soldered epitaxial side up on copper
mounts.
As a reference, QCL combs with the same active material were
fabricated with a normal buried heterostructure conﬁguration.5 Those
devices were mounted epitaxial side down on AlN substrates. For the
electrical injection scheme, SMA connectors with wire bonding were
used, as is the standard method in the QCL comb and dual-comb
spectroscopy community.
In order to fully exploit the high frequency response of the
microstrip-like devices, the use of wire bonds for biasing the devices is
altogether avoided, as they introduce additional inductive contributions and, thus, limit the modulation bandwidth at higher RF injection
frequencies. Instead, the DC and RF injection is realized by a threeterminal RF probe (FormFactor jZj Probe Power, model Z040-PGSG-250), compatible with the device geometry [Figs. 1(b) and 1(c)].
A bias tee separates the DC and RF components, and a circulator
(20 dB isolation) allows for simultaneous injection and monitoring
of the electrical beatnote.
For spectral analysis in the RF and mid-infrared region, a dedicated setup was built, as shown in the schematic drawing in Fig. 1(d).
The optical output from the laser is collimated into a home-made
Fourier Transform Infrared Spectrometer (FTIR) mounted in a folded
Mach–Zehnder conﬁguration, with a resolution down to 0.015 cm–1.
The optical output of the FTIR is split and shined onto a sensitive
Mercury Cadmium Telluride (MCT) detector to collect the DC autocorrelation traces and a fast Quantum Well Infrared Detector
(QWIP), which is used for the measurement of RF correlation traces.
The light-current-voltage (LIV) characteristics of a 4-mm-long
and 6.5-lm-wide device, operating in CW at 25, 15, and 5  C,
are shown in Fig. 1(f) with a maximum optical power of 200 mW at
25  C. For higher operating temperatures, the performance rapidly
deteriorates. This is due to the large width of the active region, the
reduced size of the top contact, and the epitaxial side up mounting of
the device, all of which reduces the thermal extraction efﬁciency. The
heatsink was ﬁxed at 25  C for all following experiments.
The GVD of the device is measured below the lasing threshold, at
600 mA, using a Fourier transform of the interferogram of the
ampliﬁed spontaneous emission.35 The obtained values are shown in
Fig. 1(e) with the blue curve. The values of the dispersion are between
1000 and 2000 fs2/mm around the spectral area of lasing. The discrepancy to the simulated GVD (red curve) is attributed to limitations
of our model for accurately calculating the dispersion of the refractive
index of the active region.
To assess the RF response of the microstrip-like devices at high
modulation frequencies, a microwave rectiﬁcation technique is
used.30,36 A lock-in ampliﬁer measures the DC rectiﬁcation, while the
device is driven simultaneously with a DC source and an amplitudemodulated (AM) signal whose carrier frequency is being swept across
the whole frequency range of the RF source. The frequency chosen for
the AM modulation signal is set at 50 kHz, its modulation depth at
10%, and sweeping step at 100 MHz. The current density of both
reference and microstrip-like lasers was set with subthreshold at
2.2 kA/cm2.
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In Fig. 1(g), we compare the response of a reference BH QCL
comb (blue curve) and the microstrip-like QCL comb (orange curve).
For the reference device, there is a sharp reduction in the response at
around 2 GHz modulation, as indicated by the 3 dB cutoff (red dashed
line). The resonance peak at 3.5 GHz is attributed to the cavity effect
induced by the wire bond connection between the laser substrate and
the contact pads. For the microstrip-like device, there is no such a
sharp cutoff as with the reference. The trend of the curve after 6 GHz
shows a smooth decay, with a slope of 0.89 dB/decade. The 3 dB
limit is passed at 13 GHz, with the trend continuing until 30 GHz,
where the slope is 4.40 dB/decade. For this device, the rectiﬁcation is
not higher than one order of magnitude at 40 GHz, compared to three
orders of magnitude of that of the reference device. This demonstrates
the applicability of the microstrip-like line waveguide design and the
probe for efﬁcient RF injection and control of the device.
Injection locking is a physical mechanism that occurs in systems
of coupled harmonic oscillators. If the coupling between the two is
strong enough and oscillation frequencies are similar, then the primary
oscillator can force the secondary into synchronization; this means
that properties of the primary, such as the oscillation frequency—and
by extension, linewidth—are transferred onto the secondary. If,
instead, the coupling is weak or the frequencies are further away from
each other, injection pulling (of the secondary’s frequency toward the
primary’s) is observed. The frequency range over which the locking
between the primary and secondary oscillators is maintained is given
by Adler’s equation:37
sﬃﬃﬃﬃﬃﬃﬃﬃ
2xfree Pinj
Dxlocking ¼
:
(1)
Q
Pfree
Here, xfree is the frequency of the free running (secondary) oscillator, Pinj and Pfree are the powers of the injected (primary) signal and
the free running oscillator, respectively, and Q is the quality factor of
the free running oscillator resonator.
In Fig. 2(a), the behavior of the device during RF injection locking at an injection power of 11 dBm is reported. Here, we indeed
observe the predicted behavior, where at jxinj  xfree j  Dxlocking ,
the position of the laser RF beatnote remains unperturbed, but sidebands at integer multiples of jxinj  xfree j are generated. As xinj
approaches xfree, the beatnote is pulled toward the injected signal and
once jxinj  xfree j < Dxlocking , the beatnote follows the injected signal
until it leaves the locking range again. The locking range of the
microstrip-like devices can stably reach more than 200 kHz.
Comparing the locking bandwidth for low injection powers of
microstrip-like comb devices with that of the reference buried heterostructure ones with a similar active region, as shown in Fig. 2(b), there
is more than an order of magnitude difference. Here, the values of the
instrument are reported as the injection power. It should be noted that
the locking range bandwidth for the microstrip device is reported only
for lower RF injection powers even though the study was done up to
35 dBm. The reason is that up to 10 dBm, the relation of the locking
bandwidth to the power of the injected signal follows Adler’s equation
quite well, and the physical mechanism is well understood. For higher
powers, however, the bandwidth span increases nonlinearly, and in
addition, some instabilities can occur when the device is in a locked
state, which are quickly recovered. The comb coherence is, nevertheless, maintained, as shown later.
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solid: SWIFTS-spectrum, dashed: spectrum product
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FIG. 2. (a) Electronic RF spectrum of current modulation inside the QCL cavity as
a function of frequency, for an RF generator output power of 11 dBm. (b) Locking
ranges of a microstrip-like line device (orange dots) at different RF generator output
powers, compared to those for a reference buried heterostructure QCL comb
mounted epitaxial side down and contacted with wire bonds (blue dots). Inset: freerunning RF beatnote of the microstrip device.

The solid lines represent ﬁts of Eq. (1), which agree quite well with
the recorded data. From the ﬁt of the microstrip device, and since it is
shown that for this injection frequency range, the response of the device
is enhanced, one can then reliably extract the values of the quality factor
Q of the resonator. In this case, the extracted value is 7.42 107 , the
same order of magnitude as when free-running [f =Df ¼1.11 107 , inset
of Fig. 2(b)]. The above demonstrate clearly that the microstrip-like line
design has led to an increased RF injection efﬁciency.
We assess the comb properties and coherence of the microstriplike device output via shifted wave interference Fourier transform
spectroscopy (SWIFTS).6,38 Additionally, the time-dependent instantaneous intensity and frequency of the coherent part of the laser output are reconstructed.6,19,38
In Fig. 3(a), the SWIFTS spectra, and the respective spectrum
products, are shown for injection powers between 5 and 35 dBm in
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FIG. 3. Results of SWIFTS measurements at a DC bias of 950 mA and 25  C:
(a) Injection power-dependent mode intensities of the SWIFTS signal and the spectrum product derived from the DC-signal measured using the MCT detector. (b)
Reconstructed instantaneous intensity and (c) instantaneous frequency of laser output with no and an injection power of 25 dBm. The solid lines are the result of treating the raw data with a smoothing ﬁlter.

steps of 10 dBm, along with the free-running case. They have been
normalized such that the relative powers of the two traces scale the
same between measurements. A spectral bandwidth broadening from
the free-running width of 24 cm–1 to a width of 65 cm–1 is observed
along with a ﬂattening of the amplitude distribution, for increasing RF
injection powers, without a clear loss in coherence, except for the case
of 35 dBm injection, where part of the lasing spectrum becomes unstable at the transition from the mainlobe to a smaller shoulder toward
higher frequencies. Similar results of spectral bandwidth broadening,
but without proof of comb operation or retained coherence, have been
shown for operation at cryogenic temperatures in earlier studies.16,18,28
The fact that the coherence in the additionally generated sections of
the spectra is not lower than that toward the center ﬁts well with the
explanation of ampliﬁed four-wave-mixing (FWM) within the cavity.28 Through this process, new sidebands are generated at the distance corresponding to the injected RF frequency. Compared to freerunning, the noise ﬂoor of the SWIFTS spectrum is noticeably lower
for the RF injection cases. This can be interpreted as a stabilization of
the beatnote without impacting the overall coherence.
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In Figs. 3(b) and 3(c), the reconstructed instantaneous intensity
and frequency are shown for the free-running (red) and for 25 dBm
(blue) injection power for two repetition periods in the time domain.
The solid lines are the result of treating the raw data with a smoothing
ﬁlter. In free-running, the reconstructed time trace during a round trip
period can roughly be split into three lobes, whereas at 25 dBm injection, the intensity modulation during a round trip is closer to having
only one main intensity-maximum per round trip, showing an overall
amplitude modulation. The instantaneous frequency of the freerunning device has pronounced steps where the frequency jumps
between the two spectral high-power sections during one round trip
period. For the RF injection case, these sections have been washed out
and correspondingly, the instantaneous frequency is much closer to a
linear chirp than in the free-running.
The presented work demonstrated that a microstrip-like line
waveguide geometry for mid-infrared QCL combs can indeed enhance
the comb properties, in terms of an extended locking range under RF
injection, and a broadened optical spectrum, without detriment to the
comb coherence. The fact that monolithically grown heavily doped
semiconductors are used, instead of wafer bonding on metals, leads to
more compact devices and improved performance, with operation
closer to room temperature, in contrast to previous attempts of similar
designs.
In order to further improve these devices and make them even
more effective for practical applications, such as portable dual-comb
spectroscopy, there are a number of steps that can be taken: narrower
active regions, as well as a packaging scheme that can allow the epitaxial side down mounting of the device combined with an efﬁcient RF
matched circuitry, can surely lead to even better performance and a
more compact solution that would not require an RF probe. In addition, this kind of device, combined with separated passive or active
sections for RF modulation, could be excellent candidates for active
mode-locking applications.
See the supplementary material for additional information.
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