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Abstract: Broadband, quantum-engineered, quantum
cascade lasers (QCLs) are the most powerful chip-scale
sources of optical frequency combs (FCs) across the mid-
infrared and the terahertz (THz) frequency range. The inher-
ently short intersubband upper state lifetime spontaneously
allows mode proliferation, with large quantum efficiencies,
as a result of the intracavity four-wave mixing. QCLs can be
easily integrated with external elements or engineered for
intracavity embedding of nonlinear optical components and
can inherently operate as quantum detectors, providing an
intriguing technological platform for on-chip quantum in-
vestigations at the nanoscale. The research field of THz FCs is
extremely vibrant and promises major impacts in several
application domains crossing dual-comb spectroscopy,
hyperspectral imaging, time-domain nanoimaging, quantum
science and technology, metrology and nonlinear optics in a
miniaturized and compact architecture. Here, we discuss the
fundamental physical properties and the technological per-
formances of THz QCL FCs, highlighting the future perspec-
tives of this frontier research field.

Keywords: frequency combs; quantum cascade lasers;
terahertz.

1 Introduction

Frequency comb (FC) synthesizers [1] revolutionized the
field of optical metrology and spectroscopy, emerging as

one of themain photonic tools of the thirdmillennium. The
peculiar characteristic, which makes a FC a unique optical
device, is themultifrequency coherent state of its emission,
which is composed, in the frequency domain, by a series of
evenly spaced optical modes, all locked in phase. They
inherently generate a precise frequency ruler, capable of
providing a direct link between optical and microwave/
radio frequencies. Due to the tight phase relation among all
optical modes, FC emission can be described by two key
parameters: the carrier frequency offset and the spectral
frequency spacing [2, 3].

Traditionally generated by frequency-stabilized and
controlled femtosecond mode-locked lasers, FCs quickly
conquered the visible and near-infrared (IR) domain,
where different generation techniques were successfully
demonstrated, tested and commercialized, such as Ti:Sa
[4], fiber-based lasers [5], optical microresonators [6],
upconversion of low frequency sources [7] or down-
conversion of high-frequency combs [8]. High optical
powers, outstanding long-term stability, broad spectral
coverage and frequency tunability have been demon-
strated so far [9]. Despite such impressive performances,
most of these systems have a relatively large footprint,
even in a fiber-based configuration.

In the mid-infrared domain, FCs are conventionally
generated via difference frequency generation (DFG)
[10–12] by continuous-wave (CW) or pulsed lasers and have
been widely exploited for high-resolution sensing of
molecular fingerprints. Mid-IR FCs also include optically
pumped microresonators [13] or electrically pumped
sources as interband cascade lasers (ICL–FCs) [14] and
quantum cascade lasers (QCLs) (QCL–FCs) [15–18]. A com-
mon characteristic of these latter sources is the high third-
order (Kerr) nonlinearity, which allows comb generation
via degenerate and nondegenerate four-wave mixing
(FWM) [15, 19] (Figure 1).

At THz frequencies, supercontinuum generation,
recently recognized as FC emission [20], has been conven-
tionally obtained by optical rectification of pulsed lasers. A
few microwatts power output has been achieved in a
configuration relying on bulky mode-locked lasers. This
limits a broader use of these sources in applicationfields like

*Corresponding author: Miriam S. Vitiello NEST, CNR - Istituto
Nanoscienze and Scuola Normale Superiore, Piazza San Silvestro 12,
56127, Pisa, Italy, E-mail: miriam.vitiello@sns.it. https://orcid.org/
0000-0002-4914-0421
Luigi Consolino and Paolo De Natale, CNR-Istituto Nazionale di Ottica
and LENS, Via N. Carrara 1, 50019, Sesto Fiorentino, FI, Italy
Massimo Inguscio, CNR-Istituto Nazionale di Ottica and LENS, Via N.
Carrara 1, 50019, Sesto Fiorentino, FI, Italy; and Department of
Engineering, Campus Bio-Medico University of Rome, 00128 Rome, Italy

Nanophotonics 2020; ▪▪▪(▪▪▪): 20200429

Open Access. © 2020 Miriam S. Vitiello et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0
International License.

https://doi.org/10.1515/nanoph-2020-0429
mailto:miriam.vitiello@sns.it
https://orcid.org/0000-0002-4914-0421
https://orcid.org/0000-0002-4914-0421


optical communications, in-situ molecular spectroscopy,
gas sensing, homeland security, quantum optics, where
chip-scale configurations are highly desirable.

The advent of miniaturized THz QCL frequency combs
[21–23] revolutionized the field, opening new avenues in
unexplored domains. In a THz QCL, FC operation occurs
spontaneously owing to intracavity third-order nonlinear
optical processes, stemming from a large nonlinear χ(3)

susceptibility (7 × 1016 (m/V)2) [24] in the GaAs/AlGaAs
active material. Specifically, the resonant third-order
nonlinearity inherently induces self-phase locking by
FWM. FWM tends to homogenize the mode spacing and,
consequently, acts as the main mode proliferation and
comb generation mechanism in a free running QCL.

In this opinionated article, we will review QCL FCs
emitting at THz frequencies, discussing their perfor-
mances, present techniques to assess their coherence
properties, applications, and with a final outlook on future
perspectives of this rapidly progressing research field.

2 Quantum cascade laser
frequency combs at THz
frequencies: architectures and
performances

Electrically pumped QCLs, in either standard [21–23] or
DFG configurations [25], are the most compact on-chip
sources of FCs at THz frequencies. QCLs have indeed some
peculiar features that make them unique for devising FCs:
the broad optical bandwidth (OB) (up to an octave) [22], the
inherently high optical power levels (hundred mW in CW,

W- in pulsed mode) [26–28] and the high spectral purity
(intrinsic linewidths of ∼100 Hz) [29]. Such a combination
of specs recently allowed designing THz QCL FCs covering
an OB ≤ 1.2 THz [22, 23] delivering CW optical powers of
4–8 mW [23, 30] with a THz power/comb tooth in the 3 µW
[31] to 6 µW [21] range in standard double-metal configu-
rations and hundred nW in the DFG configuration [25].

THz QCL FCs can be quantum engineered with either
homogeneous [21, 32] or heterogeneous designs [22, 23, 31].
The latter configuration relies on multistacked active re-
gions (ARs) that ideally should display common threshold
currents [23] and that are conventionally exploited to target
a broad spectral coverage; conversely, homogenous ARs
usually display much narrower gain profiles (≤600 GHz)
[21, 32, 33], but are in principle easier to be injection locked
in the laser operation regime in which dispersion is not
compensated.

In a free-running multimode QCL, the modes are not
uniformly spaced owing to chromatic dispersion. As result
of the frequency-dependent refractive index, the laser free
spectral range is index dependent, producing an unevenly
spaced spectrum. The interplay between FWM and group
velocity dispersion (GVD) in the laser cavity therefore has a
major role in determining the QCL comb degradation
mechanism. Figure 2a and b show the gain profile and the
corresponding group delay dispersion (GDD) in the case of
a hererogeneous (Figure 2a) and homogeneous (Figure 2b)
THz QCL, respectively.

Gainmedium engineering inherently leads to a flat top
gain implemented only at the desired bias point, meaning
that the nature of that gain media itself entangles the
dispersion dynamics at other biases. As a result, FC oper-
ation usually occurs over less than 25% of the lasing bias
range [21–23, 31].

Handling such a bias-dependent dispersion compen-
sation, at small far-infrared photon energies (10 meV), is a
very challenging task. Present attempts include passive or
active schemes. In thefirst case, the laser bar canbe shaped
with an integrated dispersion compensator [21] providing a
negative GVD to cancel the positive cavity dispersion but
allows achieving FC operation over only 29% of the QCL
operational regime. Alternative configurations include
tunable Gires–Tournois interferometers (GTIs), comprising
a movable gold mirror backcoupled with the QCL
(Figure 3a) defining an external cavity, which leads to a
further 15% increase of the regime where the THz QCL
operates as a FC [34], as a result of a partial compensation
of the total GDD.

Active approaches rely on the use of external cavities,
as coupled dc-biased sections [35] or GTIs [36], allowing
either a full coverage of the bias range, at the price of a

Figure 1: Schematic representation of frequency comb formation
mechanisms through degenerate and nondegenerate four-wave
mixing (FWM).
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reduced OB (average OB = 400 GHz) [34] and negligible
(µW) optical power outputs [35] or only at a specific oper-
ational point [36].

A summary of present-day performances of THz QCL
FCs is shown in Table 1.

Extending FC operation in THz QCLs over most of the
laser operational range and particularly at the operation
point (Jmax) of high power emission, with a broad (>1 THz)
spectral coverage and without any spectral gap, is a very
demanding task. Novel architectures exploiting more
exotic device technologies and/or physical phenomena
have been very recently proposed. One option is to use
single-layer graphene grating–gated modulators acting as
passive dispersion compensators. After proper integration
with THz QCLs, the QCL emission can be amplitude
modulated. This scheme enables FC operation over 35% of
the laser operational range [33]. Another option relies on
GTIs comprising an ultrafast (fs switching time) intersub-
band polaritonic mirror [37] backcoupled with a THz QCL.
The THz electric field–induced bleaching of the intersub-
band polariton causes a reflectivity change in the polari-
tonic mirror. Once properly matched with the QCL gain

bandwidth, compensation of GDD over a wide spectral
portion of the QCL emission (35% of the laser operational
range in the FC regime) is enabled. Finally, solution pro-
cessed THz graphene saturable absorbers [38] can be
embedded on the back facet of a THz QCL FC; the fast
intraband-driven graphene saturable absorption can then
reshape the intracavity mode dynamics leading to FC
operation over 55% of the QCL driving regime [30].

3 Characterization techniques

The total complex field of a FC can be written as follows:

E � ∑
n
Enei[2π(fsn+fo)t+ϕn]

where En is the amplitude of the nth comb mode, fs is the
mode spacing, fo is the frequency offset and φn is the
Fourier phase of the nth comb mode. Ultimately, the most
important characteristic of a FC, which makes it different
from a standardmultimode laser, is the fixed (i.e., constant
over time) phase relation between the emitted optical

Figure 2: Gain of theQCL (black), plotted as a
function of frequency, together with the
corresponding group delay dispersion
(red), in the case of a (a) heterogeneous
(Reproduced from the study byGarrasi et al.
[23]) or (b) homogeneous THz QCL. QCLs,
quantum cascade lasers.

Figure 3: (a) Chip-scale Gires–Tournois inter-
ferometer (GTI): Part of the light emitted from
the QCL back facet is reflected back into the
waveguide mode. (b) Intermode beatnote
frequency measured in a heterogenorus THz
quantum cascade laser while driving it in
continuous wave (CW) at a fixed current
density J = 0.67 Jmax and at a heat sink
temperature TH = 18 K. The IBN linewidth is
3.1 kHz. (c) Fourier-transform infrared
spectra collected under vacuum in rapid-
scan mode, with a 0.075 cm−1 resolution,
while driving the QCL at 18 K in CW and at
J = 0.67 Jmax. QCL, quantum cascade laser;
IBN, intermodal beatnote.
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modes that translates into fixed Fourier phases for all the
emitted modes. In a traditional passive mode-locked comb
source, the presence of sharp pulses corresponds to a linear
phase relation among the modes [39], but this specific
trend is not guaranteed under different circumstances.

A preliminary analysis of FC operation in a THz QCL is
usually done through a characterization of the driving
current-dependent intermodal beatnote (IBN). The latter is
easily extracted either by means of a bias tee in the driving
current line or using a resonating antenna placed closed to
the device. The presence of a single and sharp (linewidths
in the kHz range) IBNmay indicate that at least some of the
modes emitted by the device are fairly well equally spaced
in frequency, thus representing a good precursor for a
genuine comb operation. However, such a technique lacks

to provide information about the stability of the Fourier
phases that can be extracted via alternative optical tech-
niques. Figure 3b and c show the IBN and the Fourier
infrared spectrum retrieved while driving a heterogeneous
THz QCL at a current density value J = 0.67 Jmax being Jmax

the maximum current density value at which the QCL
shows laser action.

One option to assess the phases is the shifted wave
interference Fourier-transform (SWIFT) spectroscopy [40,
41] that gives access to the phase domain bymeasuring the
phase difference between adjacent FC modes. Such a pro-
cedure allows retrieving the phase relation of continuous
portions of the FC spectrum by a cumulative sum on the
phases. In SWIFT spectroscopy, the need for a mechanical
scan does not allow for a simultaneous analysis of the
phases but, provided that all the measurement frequency
chain is properly calibrated, this technique can assess if the
phases are stable during the measurement time.

Amore recent technique relies on extracting themodal
phases of the THz QCL comb through a Fourier analysis of
the comb emission (FACE) [39, 42]. Relying on a multi-
heterodyne detection scheme (see Figure 4), this technique
is capable of real-time tracing the phases of the modes
emitted by the FC, thus working even if the comb presents
spectral gaps. A phase-stable reference comb overlapping
with the sample comb under analysis is required for FACE
taking to a more complicated setup but providing a more
general and accurate assessment of FC operation.

Phase measurements on THz QCLs to assess a genuine
FC operation regime, performed with both SWIFT spec-
troscopy and FACE, proved that FWM establishes a tight
phase relation among the modes emitted by the analyzed
devices, resulting in stable Fourier modal phases [39–42].

Figure 4: (a) Representation of themultiheterodyne detection scheme: the optically rectified (OR) and quantumcascade laser (QCL) frequency
comb (FC) beams are superimposed by means of a wire grip polarizer (WGP) and mixed on a fast hot-electron bolometer (HEB) detector. (b)
Sketch of the downconversion process: the two combs,with differentmodes spacing ( frep: repetition rate of theOR FC and fIBN, frequency of the
QCL’s intermodal beatnote), close to an integer ratio, are downconverted into a radio frequency comb.

Table : Summary of the actual performances of the THz QCL comb
in terms of power per mode, number of modes, single IBN regime
and optical bandwidth in this latter regime.

References Power per
mode

#
modes

Single IBN
regime (% oper-
ational range)

OB of single
IBN regime

(THz)

Ref. []  uW ∼ % .
Ref. [] . uW ∼ % .
Ref. []  uW ∼ % .
Ref. [] . uW ∼ % .
Ref. [] (Not available) ∼ % 

Ref. []  uW ∼ % .
Ref. [] (Not available) ∼ % .
Ref. []  uW ∼ % .
Ref. []  uW ∼ % 

*: with active modulation. QCL, quantum cascade laser; OB, optical
bandwidth; IBN, intermodal beatnote.
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The retrieved phase relations among the modes are never
trivial (i.e., not linear, like in pulsed operation combs),
leading to a frequency and amplitude modulated laser
emission, different from that obtained by passive mode-
locking pulsed operation. Nevertheless, these measure-
ments confirm that FWM-basedmode-locking is ensured at
least in a limited operation range, usually very close to the
laser threshold, and that QCL-based FCs are definitely well
suited for most metrological-grade applications.

3.1 Applications and perspectives

The assessment of stable FC operation in a THz QCL
enabled the quest for novel applications, aiming to exploit
the large optical power per comb tooth (with respect to
optically rectified [OR] THz combs) and intrinsic spectral
purity of these devices.

One of the most straightforward applications of FCs is
certainly dual-comb spectroscopy (DCS), which allows
retrieving Fourier spectra without the need of moving
interferometric components, therefore resulting in a fast
and spectrally resolved acquisition procedure. However,
while QCL–FC–based DCS setups have been successfully
adopted in the mid-IR [43, 44], the THz region is lagging
behind. After the first attempts of a proof-of-principle
acquisition of an etalon signal simulating a molecular
absorption [45], or of a low resolution spectrum of
ammonia gas, dual-comb THz setups have been developed

for pioneering hyperspectral imaging [46], self-detection
schemes [47] and time resolved spectroscopy onmolecular
gas mixtures [48]. At the same time, a hybrid dual-comb
spectrometer based on a OR– and a QCL–FC has been
recently demonstrated [49], merging the sensitivity
allowed by a 4 mW [23] THz QCL, with the accuracy of the
absolute frequency scale, provided by the referenced OR–
FC. Such a technique leads to a state-of-the-art accuracy, of
the order of 10−8, in the determination of molecular tran-
sition line centers.

However, it is worth mentioning that although, in the
described experiments, THz QCLs are driven by low-noise
current drivers and their operational temperature is stabi-
lized, they are always free running. This means that their
full metrological-grade potential, proven by the SWIFT and
FACE measurements, has never been exploited, so far, for
spectroscopy. Indeed, this can only be done by tight phase
referencing both the QCL-FC modes spacing and the fre-
quency offset to a precise frequency standard. These two
degrees of freedom usually require two different orthog-
onal actuators to be stabilized, while, to date, the only
available fast actuator, acting simultaneously on spacing
and offset, is the QCL driving current. Recently, these dif-
ficulties have been overcome by exploiting the driving
current actuator in two very different frequency ranges [42]
(Figure 5). This technique allows full phase stabilization of
a QCL–FC, the emission linewidth of each comb mode
being narrowed down to ∼2 Hz in 1 s, and a metrological-
grade tuning of their individual modes frequencies.

Figure 5: (a) Schematic representation of a
generic dual-comb spectroscopy setup. A
sample frequency comb (FC) with repetition
rate frep interrogates a molecular sample
inside a spectroscopy cell. The molecular
information is encoded in the sample FC and
is downconverted to radio frequencies,
thanks to multiheterodyne mixing with a
reference FC with slightly different repeti-
tion rate frep + Δfrep.
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Currently, the use of visible light as an additional actuator
on QCL–FC degrees of freedom is under investigation and
has already taken to demonstration of phase stabilization
of the QCL comb mode spacing [50].

Full control of FCs, i.e., of linewidth and phase of teeth
and spacing between them, as well as of their shape, that
means getting control on the overall number and on the
intensity pattern of the manifold [51] is the key challenge to
widen the application spectrum of FCs. In particular, phase
control and a significant increase of the intensity of each
tooth (e.g., hundreds µW power range), together with the
assessment of a stable FC operation over the entire opera-
tional range of the QCL, will make it easier to access the
nonlinear interaction regime [52]. Saturation of gas-phase
molecular lines is a straightforward example of application
that could be accompanied by cavity-enhanced setups,
although the cavity finesse reported to date, at THz fre-
quencies, is very limited [53, 54]. Nonetheless, progress in
this direction could take to THz development of much more
sophisticated spectroscopic setups, similar to those work-
ing, till now,not beyond themid-IR [55]. They could beused,
e.g.,, to interrogate molecules prepared in unprecedented
thermodynamic states, like ultracoldmolecules obtained by
buffer-gas cooling schemes [56]. Such perspectives could
fully exploit the parallelism between mid-IR, that is, the
well-assessed “fingerprint region”, and the THz frequency
range that could have an even higher potential, due to the
similar molecular line strengths of polar molecules but with
up to two orders of magnitude narrower molecular line-
widths, similarly improving line discrimination [57, 58].

Chip-scale THz QCL FCs can allow developing new
instruments, as compact time-domain THz spectrometers,
mimicking previous experiments in the mid-IR [59] and
pioneering new application areas as multicolor coherent
THz tomography, with major implications for cultural
heritage, quality and process control and biomedical in-
spections [60].

Also, near-field microscopy could benefit of powerful
QCL FCs for pioneering fundamental investigations at
the nanoscale, as inspecting charge carrier density [61],
plasmon–polariton [62, 63] and phonon–polariton [64, 65]
modeswith an unprecedented spatial resolution and over a
broad bandwidth, overcoming the present limitations of
time domain spectroscopy combined with scatterning near
field optical microscopy (TDS s-SNOM) apparatuses.
FC-based near-field microscopy can allow mapping the
spatial variation and the bias dependence of local currents
induced by light illumination, therefore tracking the pho-
tocarrier transport and the electronic band bending in a
plethora of electronic andphotonic nanodevices, unveiling
fundamental physical phenomena in semiconductors,

superconductors or more exotic bidimensional materials
as graphene, phosphorene or transition metal
dichalcogenides.

Quantum technologies represent another key area of
development for THz QCL FCs. Indeed, QCLs are “quantum
lasers” by design, with a relatively simple quantum well–
based architecture, which is now the subject of analog
simulation by Bose–Einstein condensate platforms to fully
exploit their quantum properties that cannot be tailored by
classical designs [66]. This could be a really disruptive area
of application for THz FCs, including novel quantum sen-
sors, quantum imaging devices and, in principle, q-bits
made by entangled teeth for photonic-based quantum
computation. Of course, most of these quantum applica-
tions need preliminary demonstration of subshot-noise
operation of THz QCLs, hitherto impossible to achieve due
to the technological gap of THz components, as compared
to other spectral regions, as well as to the strong back-
ground thermal noise typical at these frequencies, gener-
ally requiring cryogenic detectors.
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