
REVIEW
www.advquantumtech.com

Terahertz Quantum Cascade Lasers as Enabling Quantum
Technology

Miriam Serena Vitiello* and Paolo De Natale

Quantum cascade lasers (QCLs) represent the most fascinating achievement
of quantum engineering, showing how artificial materials can be generated
through quantum design, with tailor-made properties. Their inherent
quantum nature deeply affects their core physical parameters. QCLs indeed
display intrinsic linewidths approaching the quantum limit, and show
spontaneous phase-locking of their emitted modes via intracavity
four-wave-mixing, meaning that they can naturally operate as miniaturized
metrological frequency rulers, also in frontier frequency domains, as the
far-infrared, yet unexplored in quantum science. Here, the authors discuss the
fundamental quantum properties of QCLs operating at terahertz frequencies
and their key technological performances, highlighting future perspectives of
this frontier research field in disruptive areas of quantum technologies such
as quantum sensing, quantum metrology, quantum imaging, and
photonic-based quantum computation.

1. Introduction

Quantum technology (QT) platforms, capable of exploiting non-
classical states of light[1,2] or atoms[3] have been recently con-
ceived for targeting applications in a variety of strategic fields
such as simulation and computation,[4,5] communication,[6]

sensing,[7] and metrology.[3,8] Miniaturized, compact and inte-
grated QT geometries have been successfully implemented in
the visible and in the near-infrared parts of the electromagnetic
spectrum.[9] However, QT migration to the terahertz (THz) fre-
quency domain is facing more fundamental obstacles, since the
generation, manipulation, and detection of tiny packets of light is
generally technically challenging when the involved photon ener-
gies are extremely small (<10 meV).
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Despite these inherent limitations, the
peculiar features of THz-frequency radia-
tion, e.g. transmissivity through otherwise
opaque materials or its non-ionizing na-
ture, can potentially allow a number of
frontier applications in quantum technolo-
gies, such as quantum-secured fast digi-
tal data transfer in opaque or harsh envi-
ronments (in the presence of dust, smog,
particulate) or quantum-enhanced sensitiv-
ity in spectroscopic and metrological THz
setups. Consequently, the development of
an integrated quantum platform compris-
ing miniaturized THz sources and detec-
tors can represent a paradigmatic change in
quantum science.
Quantum cascade lasers (QCLs)[10]

represent the most remarkable achieve-
ment of quantum engineering and allow

direct generation of radiation at THz frequencies[11,12] from an
electrically biased semiconductor heterostructure (Figure 1a).
QCLs display a wide optical bandwidth (OB) (up to an octave),[13]

optical power levels up to hundreds mW in CW and W -level in
pulsed mode[14–16] and an intrinsically high spectral purity (in-
trinsic linewidths of ≈100 Hz)[17–19] (Figure 1b). THz pulses have
been obtained by active mode-locking, and passive generation of
optical frequency combs (FCs) has been demonstrated by intra-
cavity four-wave-mixing (Figure 1c) in both homogeneous[18,19,20]

or heterogeneous designs,[13,21,22] the latter relying on multi-
tasked active regions that display similar threshold currents.[20]

Alternatively, QCLs can emit THz frequency light via intra-
cavity difference-frequency generation in mid-infrared QCLs
(THz DFG-QCLs) (Figure 1d).[23] The sources are monolithic
and operate at RT, similar to other mid-IR QCLs, as a result of
the 𝜒 (2) nonlinearity provided by the intersubband transitions
within the QCL; additionally, THz DFG-QCLs are widely tun-
able even once tuning the mid-IR modes on a relatively narrow
range.[24,25] Depending on the mid-IR pump/signal wavelength
spacing, light emission can be achieved in the whole 1–6 THz
range and beyond.[26] The spectral coverage is partially influenced
by the losses of the active region materials or by possible reduc-
tions in the efficiency of the THz DFG process.[27]

After their demonstration as key devices in many molecu-
lar sensing applications, QCLs recently emerged as ideal laser
sources for a plethora of sophisticated applications, such as
high-resolution and high-precision spectroscopy,[28] frequency
metrology,[29] and,more recently, for applications in quantum sci-
ence or as models for atomic quantum simulations.[30]

Most of these applications require high-frequency stabil-
ity with a tight control of the frequency or phase jitter or,
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Figure 1. a) Schematic diagram of quantum cascade laser active region and energy dispersion diagram of the laser levels. The transmission electron
image of a few layers is shown on the graph. b) Schematics of the intrinsically small laser linewidth of a Fabry Perot THz QCL. c) Frequency comb
emission from a THz QCL. d) Schematics of a difference frequency generation THz QCL. Adapted with permission.[27] Copyright 2018, De Gruyter.

alternatively, a multi-frequency state of emission composed by
a series of evenly spaced optical modes that in the frequency do-
main appears locked in phase.
In this review article, wewill investigate the key quantumprop-

erties of THzQCL emitters, unveiling their potential role as a key
technological components for futuremigration of QTs to the THz
frequency domain.

2. Spectral Purity: Frequency Noise and Intrinsic
Laser Linewidth

QCL sources have an inherent quantum nature that can be un-
veiled investigating a set of relevant physical parameters. As a
topical example, the intrinsic linewidth of laser emission can re-
flect important quantum properties of such a class of lasers.
The intrinsic linewidth (LW) is, by definition, a measure of

the quantum-limited fluctuations ruled by the uncertainty prin-
ciple. It is also called Schawlow-Townes (S-T) linewidth and, in
bipolar intra-band semiconductor lasers, it is typically affected
by the variations of the refractive index of the semiconductor
material due to carrier density fluctuations, which contribute to
induce a significant linewidth broadening. This effect is usu-
ally accounted for by the so-called Henry or linewidth enhance-
ment factor (𝛼e), that adds to the S-T linewidth inducing excess
line-broadening.[31,32] Conversely, the intersubband nature of the

QCLs leads to a linewidth enhancement factor which is usually
very low.[33]

A clean and complete way to assess the inherent spectral pu-
rity of a single-mode QCL is the measurement of its frequency-
noise power spectral density (FNPSD),[17] that allows to assess
for each frequency the amount of noise contributing to the spec-
tral width of the laser emission.[34] By performing direct in-
tensity measurements, this technique allows to retrieve infor-
mation in the frequency domain by converting the laser fre-
quency fluctuations into measurable intensity (amplitude) vari-
ations. A discriminator is therefore needed for this purpose. It
could be, for example, either a THz radiation resonant cavity,[35]

or the side of a Doppler-broadened molecular transition (Fig-
ure 2a) while the QCL frequency is stabilized at the center of the
discriminator slope.[36,17] This technique, in combination with
fast detection and low-noise fast-Fourier-transform acquisition,
can allow to perform spectral measurements over seven fre-
quency decades (from 10 Hz to 100 MHz) and with 10-amplitude
decades.[17]

A prototypical frequency noise power spectral density mea-
surement, performed in a bound-to-continuum THz QCL, is
shown in Figure 2b, which compares the FNPSD spectrum and
the current-noise power spectral density (CNPSD) of the current
driver, here converted to the same units by means of the tuning
coefficient of the laser driving current.
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Figure 2. a) Schematic diagram of the experimental setup employed for extracting the intrinsic laser LW. The THz QCL beam is first collimated, then
sent to a gas cell and finally split by a wire grid polarizer: the reflected beam, employed for frequency stabilization is first chopped and then sent to
a pyroelectric detector that collects the line profile; the transmitted beam is employed for frequency-noise experiments. The bottom panel shows the
discriminator function of the absorption molecular line. b) FNPSD of the THz QCL (orange trace), plotted together with the CNPSD of the current driver
(blue trace, starts below the QCL FNPSD trace at lower frequencies). The dashed line marks the white noise level. (a,b) Adapted with permission.[17]

Copyright 2012, Springer Nature. c) Experimental setup employed for retrieving the LW using a free space optical frequency comb synthesizer, generated
in a MgO-doped lithium niobate waveguide, by optical rectification, with Cherenkov phase-matching of a femtosecond mode-locked fiber laser, working
at 1.5 μm wavelength. The optical rectification process produces a zero-offset free-space THz comb with the repetition rate of 250 MHz of the pump
femtosecond laser. The THz frequency comb and the emission from theDFG-QCL are overlapped on a hot electron bolometer having a 250MHz electrical
bandwidth. d) Typical beat note spectrum collected on a spectrum analyzer at 2 ms integration time. (c,d) Adapted with permission.[43] Copyright 2017,
American Association for the Advancement of Science.

The FNPSD shows three distinct domains: i) in the f =
10 Hz to 10 kHz range, it is dominated by a noise that cannot
be ascribed to the current driver and therefore originates from
the QCL itself.[37,38] In QCLs electric field fluctuations can easily
lead to a non-negligible frequency noise contribution through the
gain Stark shift[39] and the cavity mode pulling effect,[40] which
are often the dominant mechanisms, as confirmed by a simi-
lar dependence observed for amplitude noise. In addition, spuri-
ous contributions of low-frequency background radiation signals
and/or electronic noise can also play a role; ii) in the 10 kHz–5
MHz range, the FNPSD is fully dominated by the current driver
noise, since the two traces perfectly overlap; iii) above 8MHz, the
FNPSD significantly deviates from CNPSD and flattens asymp-
totically to a white noise level (Nw). The laser power spectrum cor-
responding to the white componentNw of the frequency noise is,
according to the frequency noise theory, purely Lorentzian, with
a FWHM 𝛿𝜐 = 𝜋Nw. The latter allows retrieving an intrinsic LW,
𝛿𝜐 = 90 ± 30 Hz.[17]

Noteworthy, this technique allows forecasting the LW reduc-
tion achievable using a frequency-locking loop, assuming that
its gain/bandwidth characteristics are known, while enabling to
single out spurious noise sources. In fact, critical parameters af-
fecting theQCL linewidth are all the “environmental” effects such
as temperature, bias-current fluctuations, or mechanical oscilla-
tions, contributing to the so-called excess noise. This means that
any experimental LW measurement, typically, is mainly domi-
nated by extrinsic noise. Excess noise can be minimized by using
frequency-stabilization or phase locking techniques, resulting in
reduced laser LWs, mostly limited by the loop gain/bandwidth
or by the reference width of the specific experimental
system.[41]

As an alternative approach to retrieve the QCL LW on short-
timescales, heterodyne mixing of the QCL with a high spectral
purity, more stable laser,[42] can be used. In this latter case, the
spectrum of the laser optical field can be retrieved after its down-
conversion to a radio-frequency.
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The latter approachwas recently exploited to determine the LW
of a THz QCL based on intra-cavity difference frequency genera-
tion (THz DFG-QCL).[43]

The experimental setup schematic is shown in Figure 2c, and
uses onemode of an optically rectified THz frequency comb (OR-
FC) as spectrally pure local oscillator for down-conversion.[42] The
OR-FC is generated in a MgO-doped lithium niobate waveguide
by optical rectification in the Cherenkov configuration using a
femtosecond mode-locked fiber laser emitting around 1.55 μm.
The optical rectification process produces a zero-offset free-space
THz comb, whose spectral content is broader than the tunability
range of the employed THz QCL.[44]

A fast hot-electron bolometer (HEB) is used for the heterodyne
mixing (see Figure 2d for a typically retrieved signal). The exper-
imental beat-note spectrum is then fitted by with Gaussian func-
tion that typically describes each line-shape. Since the LW of the
THz comb mode involved in the beating process (≈130 Hz @
1s, as experimentally demonstrated)[44] is negligible with respect
to the emission LW of the DFG-QCL THz, the full width at half
maximum (FWHM) of the Gaussian profiles gives an accurate
quantitative estimation of the intrinsic emission LW, providing
an upper limit of 125 kHz over a timescale of 20 μs.
This procedure inherently implies that direct information on

the laser linewidth can be retrieved for specific timescales. Con-
versely, the use of a molecular-lineshape discriminator, com-
bined with a FNPSD measurement, is more general and con-
tains all relevant information on the spectral distribution of the
laser frequency fluctuations. Consequently, while the laser power
spectrum can be always retrieved from its frequency-noise power
spectral density,[34] the opposite cannot be done.

3. Frequency Stabilization and Phase Locking of
THz QCLs: Toward New Sources for Quantum
Sensing

Although THzQCLs have an inherently high spectral purity,[17,45]

which qualifies them as an ideal metrological source, under free
running operation they typically show full width at half maxi-
mum LWs in the tens of kHz range for short timescales (few
milliseconds),[46,47] while for longer integration times the LW can
reach several MHz, even with stabilized temperature and under
operation with low noise current drivers.
To fully exploit the potential of THz QCLs for quantum appli-

cations, it is necessary to precisely control their frequency and
linewidth. Frequency-referenced, narrow-linewidth, high-power,
THz frequency sources are required for high-resolution and
high-sensitivity spectroscopy of molecules,[37] space science,[48]

for high-precision molecular recognition and protein folding
analysis[49] in biophysics, and in quantum optics and quantum
computing where they could represent a key tool for controlling
and manipulating cold molecular ensembles.[50]

The first report on a frequency stabilized THz QCL dates back
to 2005, and made use of a molecular gas laser transition as lo-
cal oscillator.[51] Since then, many different techniques and se-
tups have been developed. Frequency-locking of a THz QCL to
a molecular reference, exploiting direct-absorption spectroscopy,
has been demonstrated in 2010, achieving a linewidth of 300 kHz
(FWHM).[52] Soon after, linewidths of 18 kHz[53] and 240 kHz[54]

have been demonstrated for a 3.5 and a 3.1 THz QCL, respec-
tively. In all these experimental setups, the transition used as ref-
erence for locking belonged to low pressure methanol gas, usu-
ally chosen for the large number of absorption lines around the
QCL emission frequency. With respect to other stabilization ap-
proaches, frequency locking to a molecular absorption has got
some advantages, such as the simplicity of the implementation
(as it only requires a small absorption cell and an additional fast
detector) and the applicability to the whole THz domain, due to
the rich absorption spectra ofmolecules. However, such a locking
technique has provided spectral linewidths not better than tens
of kHz, far away from the QCL intrinsic one (100 Hz).[17]

An alternative approach for frequency stabilizing a THz QCL
relies in stabilizing a “slave” QCL source via a phase-lock loop
(PLL) against a reference “master” oscillator, whose metrological
properties are transferred to the locked laser. A PLL is a negative-
feedback control system where the phase and frequency of the
slave oscillator are forced to track those of the master one.[55] In
the case of THz QCLs slave lasers, the PLL loop is usually closed
on the QCL driving current, for optimal fast performances.
Among the most important master oscillators (MO) em-

ployed in combination with THz QCLs we can include molec-
ular far-Infrared lasers,[51] frequency standards from microwave
sources,[56,57] frequency standards from optical or near-infrared
sources, as frequency combs. Microwave references provided a
very narrow and absolute-frequency reference, suitable for mix-
ing with THz QCLs onto sensitive cryogenic detectors, like hot-
electron bolometers even with a few pW of MO radiation power.
Quantum sensing applications also require phase locking the

laser emission.
Numerous approaches have been proposed to migrate FCSs to

the terahertz region. As an example, detection techniques based
on photo-conductive antennas[58] or electro-optic crystals[59] can
allow creating a link between a continuous-wave (CW) THz
source and a near-infrared comb. The beat note can be detected
and phase-locked, via the CW THz source in a low-efficiency up-
conversion process, with a 1 mW optical power delivered by the
CW-source.
Power limitations can be overcome by producing a free-space

propagating optical frequency comb[60] by directly beating it with
the CW QCL source on a detector to phase-lock its emission.[44]

By using a hot electron bolometer photodetector/mixer, the beat-
note signal between the THz QCL and one mode of the free-
standing optically rectified FC, can be retrieved in an efficient
process, using only an extremely small fraction of the overall
power emitted by the QCL, in the order of 100 nW.
The phase of theQCL emission is stabilized onto the frequency

comb reference, via a phase-lock loop (PLL) (Figure 3a).[44] In this
scheme, the electronic bandwidth of the loop is about 200 kHz,
and the signal-to-noise ratio is >50 dB at 1Hz resolution band-
width, close to the expected limit of 60 dB. Integrating numer-
ically the beat-note spectra, we retrieve that ≈75% of the QCL
power is phase-locked to the FCS emission. The phase-lock leads
to a narrowing ofmost of the CW laser emission down to the THz
free running comb tooth linewidth, which is only a fewhertz wide
(in 1 s).[61]

The achieved performance (Figure 3b) allows a 4 × 10−11

relative accuracy in the determination of the QCL frequency
that can be exploited for high precision molecular spectroscopy
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Figure 3. Phase locking. a) Experimental setup used in [28] to lock a THz QCL to one mode of a free-standing THz frequency comb. b) Width of the
locked beat-note signal at 1 MHz span and 100 Hz RBW. The two sidebands identify a phase-lock electronic bandwidth of about 200 kHz. (inset) Phase-
locked beat-note signal acquired with a 100 Hz span and 1 Hz RBW. (a,b) Adapted with permission.[44] Copyright 2012, Springer Nature. c) Molecular
sensing experiment: the diagram describes how the traceability of the primary Cs frequency standard is transferred to the THz QCL-based spectroscopy
via stabilization of the repetition rate (frep) of the pump laser and the THz frequency comb. The beat-note frequency (fb) is kept constant by the phase
lock loop, while the tuning of frep induces a proportional shift of the THz comb tooth, and thus of the QCL absolute frequency. The lock-in acquisition of
the absorption signal requires the beam intensity to be mechanically modulated by a chopper. HEB, hot-electron bolometer; PID, proportional-integral-
derivative controller. Adapted with permission.[28] Copyright 2014, American Physical Society.

applications[28] (Figure 3c), envisaging applications to quan-
tum sensing and metrology. Recently, a direct-absorption
spectroscopy experiment has been implemented employing
methanol gas andmore than 99% of the QCL emitted power. The
experimental set up comprises a room-temperature pyroelectric
detector, together with an optical chopper on the beam and a lock-
in acquisition technique. The remaining residual fraction of the
QCL power (1%) is used for the phase lock to the THz comb,
following the same scheme shown in Figure 3a.
The THz comb is generated by means of a mode-locked

Ti:sapphire laser, actively stabilized against a 10-MHz quartz-
oscillator disciplined by a Rb-GPS clock (stability of 6 × 10−13

in 1 s and absolute accuracy of 2 × 10−12), to transfer the stabil-
ity and traceability of the Cs primary frequency standard to the
Ti:sapphire repetition rate.[28] The experimentally retrieved ab-
solute frequency scale provides an uncertainty of a few parts in
10−11 on the laser frequency and 10−9 on the line-center determi-
nation, ranking this technique as the most precise developed in
the far-infrared.[28]

4. Toward New Tools for Quantum Metrology: THz
Quantum Cascade Laser Frequency Combs

Broadband QCLs,[62] with heterogeneous[13,21,22] or
homogeneous[18–20] active region designs, have been recently
demonstrated to operate as stable miniaturized optical fre-
quency comb synthesizers (FCs) at THz frequencies, meaning
that they are spectrally characterized by a set of equidistant
spectral lines, with a well-defined and stable phase relationship
among each other, a carrier offset and a distinctive spectral
frequency spacing.[63,64] The resulting frequency ruler can be
exploited to provide a precise, direct link between optical and
microwave/radio frequencies.
Such a peculiar behavior results from the large third-order 𝜒 (3)

Kerr nonlinearity of the QCL gain medium which, in turn, deter-

mines a robust interaction between adjacent modes via the four
wave mixing (FWM) process, leading to comb formation.[65–67]

However, in a free-running THz QCL, the modes are not uni-
formly spaced, due to chromatic dispersion.[18,68] This is a conse-
quence of the frequency-dependent refractive index, that reflects
in an index-dependent laser free spectral range.
Degenerate and non-degenerate FWM processes (Figure 4)

induce a proliferation of modes over the whole QCL emission
spectrum. The cavity modes are then injection-locked by the
modes generated by FWM, ensuring correlation among all the
longitudinal modes, and giving rise to a FC with a fixed phase
relation, but not to a well defined pulsed emission.
At THz frequencies, the use of a broadband gain medium

cannot be necessarily sufficient to overcome the dispersion of
the core material itself and permit comb formation (at 3.5 THz,
the group velocity dispersion (GVD) is 87,400 fs2 mm−1, that
is, 250 times greater than the GVD at 7 μm (320 fs2 mm−1). In
the very first demonstration[18] of a THz QCL comb, the authors
integrated dispersion compensation into the QCL waveguides to
cancel cavity dispersion.[18] The chirped corrugation is designed
with a period chirped from short to long, that is then etched into
the QCL facet (Figure 5a). The rationale is that long-wavelength
waves, that have higher group velocities, travel to the end of the
cavity before reflecting, while short-wavelength waves reflect
earlier, thus compensating dispersion. The corrugation there-
fore mimics a double-chirped mirror that is typically used to
create octave-spanning spectra in the near-infrared and visible
range. The temporal evolution of the intensity, measured in
the different regimes of comb operation (Figure 5b), show a
different behavior in the time-domain (Figure 5c), with region
I exhibiting a complex multi-pulse emission, with the blue lobe
emitting only when the red lobe turns off, signature of temporal
hole burning (Figure 5c). In region III, the opposite occurs:
the blue lobe dominates the emission and the red lobe lases
only when the blue one is off (Figure 5c). In region II, the two
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Figure 4. a) Calculated gain cross-section of a heterogeneous THz QCL. Blue curves: individual active region design labeled as A, B, C. Green curve:
total active region. Adapted with permission.[13] Copyright 2014, Springer Nature. b) Schematic representation of degenerate and non-degenerate four
wave mixing (FWM) responsible of the frequency comb formation mechanism. Adapted with permission.[67] Copyright 2021, De Gruyter.

Figure 5. a) Scanning electron microscope image of an integrated dispersion compensation cavity.[18] From https://www.rle.mit.edu/thz/research/
mems-based-arrays-of -millimeter-receivers/. b) Linewidth of the RF signal emitted from the QCL as a function of bias, measured with a spectrum
analyzer. Shaded areas labeled as I, II, and III indicate the regions of stable comb formation. c) Bias dependence of time-dependent intensities of the
homogeneous frequency comb of panels a) and b). Lower lobe frequencies are marked in red, while upper lobe frequencies in blue. (b,c) Adapted with
permission.[68] Copyright 2015, The Optical Society. d) Schematic of the two-section device with the dc-biased section marked in blue. e) Current–voltage
characteristics for each section. The shaded area indicates the dynamic range of lasing. Inset: SEM image of the device. f) Intermode beatnote map
collected while biasing the dc section to the optimal point for each bias of the Fabry Perot cavity. (d–f) Adapted with permission.[70] Copyright 2017, The
Optical Society.

signals have similar average powers, but the red lobe’s power is
concentrated in narrow time-domain pulses while the blue lases
nearly continuously (Figure 5c).[68] This identifies an important
peculiar aspect of THz FCs, that is, the existence of a regime of
strong amplitude modulation than can coexist with frequency
modulation.[18]

The relationship between FWM and group velocity dispersion
(GVD) in the QCL cavity plays a key role in the stability of the
QCL FC over the whole laser operation range. Gain medium en-
gineering can indeed allow a flat top gain, though only at a spe-
cific bias point, meaning that the gain medium itself influences
the dispersion dynamics at other biases.
Adapting the bias-dependent contribution to the chromatic

dispersion is, hence, essential for achieving a stable frequency
comb emission with relatively high-intensity modes over the full
QCL bias range.

However, controlling the bias-dependent dispersion compen-
sation in the far-infrared is a very challenging task. Current
schemes include both passive and active architectures. Success-
ful passive approaches include a dispersion compensator[18] in-
tegrated in the laser cavity that, through the chirping of the fre-
quency and the tapering of the amplitude, allows reaching FC
operation over 29% of the QCL operational regime. Alternative
passive configurations include tunable Gires–Tournois interfer-
ometers (GTI), comprising a movable gold mirror coupled with
the back QCL facet, which, as a result of a partial compensation
of the total group delay dispersion (GDD), increases by 15% the
bias range in which the QCL operates as a FC.[69]

Active approaches usually make use of external cavities, for
example including a dc-biased section[70] (Figure 5d–e) capable to
allow FC operation over the whole bias range (Figure 5f), at the
price of a reduced optical bandwidth (≤ 400 GHz) and limited

Adv. Quantum Technol. 2022, 5, 2100082 2100082 (6 of 13) © 2021 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 6. a) Schematic of the SLG modulator comprising a metal grating-SLG capacitor with pitch p, patterned on a polyimide layer with an underneath
Au layer. b) Schematic experimental setup: an external cavity configuration is defined by coupling the SLG modulator with the THz QCL back facet at
a 50 μm distance. The light back-reflected by the modulator is injected into the QCL cavity, while the radiation out-coupled from the front facet is sent
into a Fourier-Transform InfraRed (FTIR) spectrometer. c) Intermode beatnote linewidths plotted as a function of QCL driving current when the QCL
is coupled with a SLG modulators having a grating period p = 10 μm; d) FTIR emission spectrum measured at 15 K, under vacuum with ≈0.075cm−1

resolution, whilst driving the QCL in CW with 780 mA under the experimental configuration of panel (c). Adapted with permission.[72] Copyright 2021,
Wiley-VCH.

(μW) optical power outputs[70] or, lithographically designed to
define a Gires–Tournois interferometer,[71] which is effective in
compensating the GDD only at a specific bias point.[71]

Extending THz QCL FC operation over the entire range
of biases up to the operation point (Jmax) corresponding to
the maximum optical power output with a broad (>1 THz)
spectral coverage is a very challenging task. Recently, complex
architectures, exploiting unusual device technologies or making
use of combined material systems, have been developed.
Grating-gated modulators employing single layer graphene

(SLG) have been recently coupled with a THz QCL in an external
cavity configuration with the purpose to act as passive dispersion
compensators. A metallic grating coupler, patterned on a poly-
imide layer that acts as a quarter wave resonance cavity, is used
as a gate electrode to tune SLG.[72] The polyimide thickness (14
μm) is chosen to match the n𝜆/4 waveguide mode with n ( = 1)
integer number (quarter wave mode) at the central frequency 𝜈
= 2.85 THz (wavelength 𝜆 = 105 μm) of the multimode QCL.
The metal grating couples with the quarter wave mode and
defines the modulator resonant frequency, while acting as the
counter electrode of the SLG capacitor (Figure 6a). Once inte-
grated with the THz QCLs (Figure 6b), the modulator induces
a visible amplitude modulation in the THz QCL and leads to FC
operation over 35% of the QCL operational range, as revealed
by the intermode beatnote maps (Figure 6c), with 98 equidis-
tant optical modes and with a spectral coverage of ≈1.2 THz
(Figure 6d).
An alternative architecture relies on the integration, in an

external cavity configuration, of a THz QCL with a tightly
coupled, on-chip, solution-processed, 65nm thick graphene
saturable-absorber reflector (Figure 7a), prepared by liquid
phase exfoliation of graphite in a water/surfactant solution. The
saturable absorber reflector provided to be effective in preserving
the phase coherence between lasing modes, even in the regime

in which FWM in unable to provide dispersion compensation.[73]

The gapless nature of graphene, its ps recovery time,[74] limited
saturation fluence,[75] and flexibility that makes it prone to
fabrication[76] and integration,[77] are potential for nonlinear
optical experiments. Specifically, graphene can be employed to
introduce intensity dependent losses into a laser cavity, when
tightly coupled to it, as a result of its fast saturable absorption
nature.[78,79] It has been indeed proved that 80% transparency
modulation can be reached, as a result of the intraband induced
absorption bleaching.[78]

FWM in a THz QCL, can be generated by fast saturable gain,
which induces a frequency modulated output, or loss, associ-
ated with amplitude modulation.[66] Both mechanisms are typ-
ically present,[68] in a THz QCL. Comb formation can there-
fore result from the saturable absorption effect occurring inside
graphene,[73] but also from the fact that the graphene features
Fresnel reflection on its surface. This latter component is spa-
tially separated from the saturable absorption occurring in the
SLG and can then contribute to frequency comb stabilization
through the same mechanism as the fast saturable gain in the
active region, leading to frequency modulation. The saturable ab-
sorption in graphene[78] helps regularizing the remaining ampli-
tude modulation.
Figure 7d plots the free running electrical beatnote map ac-

quired on the integrated system sketched in Figure 7a, measured
with a bias-tee, and recorded with a radio frequency (RF) spec-
trum analyzer. A single and narrow (Figure 7b,c) intermode beat-
note, signature of stable comb operation through 55% of the bias
range of the QCL is visible. At the peak optical power, where a
single and narrow beat note is retrieved, the QCL emits 8 mW
of CW power with 90 equally spaced optical modes covering a
0.94 THz spectral bandwidth, and shows (Figure 7d) more than
three-decades of reduction of phase-noise over an additional 15%
of this range. Such a devices promise to be a key metrological
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Figure 7. a) Schematic diagram of a THz QCL comprising an on-chip graphene saturable absorber (GSA) reflector. Intermode beatnote measured at
b) I = 456 mA and c) at I = 928 mA. d) Intermode beatnote map measured in continuous wave and 15 K, as a function of QCL current. The beatnote
signal is extracted from the bias line with a bias-tee and it is recorded with an RF spectrum analyzer (Rohde and Schwarz FSW; RBW: 500 Hz, video
bandwidth (VBW): 500 Hz, sweep time (SWT): 20 ms, RMS acquisition mode). The two star symbols correspond to the driving currents of panels (b)
and (c). Adapted with permission.[73] Copyright 2020, American Chemical Society. e) Visual representation of a FC THz QCL comprising an ultrafast
THz polaritonic reflector, exploiting intersubband cavity polaritons, integrated with broad bandwidth (2.3–3.8 THz) heterogeneous THz QCL. Adapted
with permission.[85] Copyright 2021, Wiley-VCH.

tool for dual-comb THz spectroscopy[80–83] and hyperspectral
imaging,[84] paving the way to deliver an all-in-one miniaturized,
high-power electrically pumped FC in the far-infrared.
An alternative elegant approach relies in an external cavity

configuration comprising an ultrafast THz polaritonic reflec-
tor, exploiting intersubband (ISB) cavity polaritons, and a broad
bandwidth (2.3–3.8 THz) heterogeneous THz QCL.[85] The po-
laritonic mirror comprises a semiconductor multi-quantum-well
(MQW) heterostructure, embedded in a≈2 μm size double metal
cavity, having a top Au grating with 16 μm period, that fix the op-
tical coupling to the MQW.[85] A radiation polarized orthogonal
to the grating lines, impinging at normal incidence, induces a
fringe electric field within the MQW heterostructure that satis-
fies the ISB transition selection rule.[86]

By pumping the polaritonic mirror with a THz laser, a visi-
ble spectral change of the intersubband reflectivity spectrum in
the 2–3 THz spectral window[86] at intensities larger than 7.8
W cm−2 is observed, with a progressive bleaching of the upper
polaritonic mode.[86] This effect can be used to modify the cav-
ity dispersion of a QCL (Figure 7e). Once using the polaritonic
mirror as the back mirror of an external cavity, comprising the
free-running THz QCL FCs, the GDD can be tuned by exploit-
ing the light-induced bleaching of the ISB-based THz polari-
tons. This causes the spectral reshaping of the QCL emission
and drive the QCL in a stable FC regime over an operational
range up to 38%. This can be unveiled in the intermode beatnote
that appears single and narrow (down to 700 Hz).[85] The pro-
posed concept has a high potential for the development of mode-
locked THz micro-lasers exploiting saturable absorption in the
tightly coupled external cavity. This promises broad application
impacts in high-speed quantum communication and ultrafast
science.

Although the presented characterization of the driving
current-dependent intermodal beat-note (IBN), with single and
sharp (linewidths in the kHz range) IBN, provides an initial as-
sessment of the FC operation in a QCL, demanding applications
in quantum science require information about the stability of
the Fourier phases of the QCL FC modes. This can be targeted
by more precise optical techniques as the shifted-wave interfer-
ence Fourier-transform spectroscopy (SWIFT),[87,88] which relies
on measuring the phase difference between adjacent FC modes
(Figure 8a) in the phase domain or via the Fourier analysis of the
comb emission (FACE).[89,80] In SWIFT, the phase relation of con-
tinuous portions of the FC spectrum is retrieved via the cumula-
tive sum on the phases measured via FTIR spectroscopy. The in-
herent need for amechanical scan does not allow for a simultane-
ous analysis of the phases but, provided that all themeasurement
frequency chain is properly calibrated, SWIFT unambiguously
reveals the phase stability during a precise measurement win-
dow. The FACE technique, based on a multi-heterodyne detec-
tion scheme, allows real-time tracing of the phases of the modes
emitted by the FC, thus working even if the comb presents spec-
tral gaps (Figure 8b). While the variation of each phase retrieved
with this experimental procedure is notably low,[80] this does not
hold true for the deviation of the phases from the linear trend,
that is expected for a conventional, pulse-emitting, FC. The mea-
sured sets of amplitudes and phases, when used to reconstruct
the emitted field, give emission profiles that are amplitude and
frequency modulated. Heterodyne techniques have been also ap-
plied to intracavity room temperature DFG QCL-FC, giving an
insight on their coherence level.[90]

An accurate exploitation of THz QCL FC for quantum metro-
logical applications requires a tight phase referencing to a well-
suited frequency standard, of both the QCL-FC modes spacing

Adv. Quantum Technol. 2022, 5, 2100082 2100082 (8 of 13) © 2021 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 8. Schematics of the SWIFT (a) and FACE (b) optical techniques.

and frequency offset that, in turn, requires two distinctive orthog-
onal actuators to be stabilized.However, to date, the only available
fast actuator, acting simultaneously on both parameters, is the
QCL driving current. By exploiting the driving current actuator
in two distinctive frequency ranges,[80] one can overcome such
a constrain, reaching phase stabilization of the THz QCL-FC: in
this latter case, the emission linewidth of each comb mode can
reach values as low as ≈2 Hz in 1s, with the possibility to make
each comb line individually frequency tunable. The possibility to
employ visible light as further actuator on QCL-FCs degrees of
freedom has been also recently investigated by the small optical
frequency tuning (SOFT) technique.[91]

As a final note, a novel mechanism of FC generation in QCLs,
suggested by studies performed in the mid-IR,[92] has been
recently proposed and relies of the emission of optical modes
separated by higher harmonics of the cavity free spectral range
(FSR) (Figure 8a), rather than adjacent cavity modes as typical
of fundamental comb regime (Figure 8b). Such a state, known
as harmonic comb regime, can be reached by varying the QCL
driving current so that it first reaches a state of high single-mode
intracavity intensity and then, when its intensity is large enough,
it is driven at an instability threshold caused by the 𝜒 (3) popula-
tion pulsation non-linearity, favoring the appearance of modes
separated by tens of FSRs from the first lasing mode. Recently,
such an approach has been successfully exploited to devise a
self-starting harmonic frequency comb, with a THz repetition
rate, in a QCL.[92] This is reached through temporal modula-
tion of the population inversion that induces the parametric
contribution to the gain.[93] Harmonic combs have interesting
perspectives for exploring quantum correlation effects in the
far-infrared.

5. Perspectives

Quantum cascade laser sources can open intriguing perspectives
in quantum science with an impact on all main areas, from sens-
ing and metrology to communication, computation and simula-
tion. Regarding sensing and metrology, we have here discussed
the main achievements in terms of quantum-limited frequency
noise operation and phase/frequency absolute referencing. The
next step is THz-QCLs operation below the classical limits andwe
have shown that several strategies can allow achieving this goal.
We expect that a THz quantumphotonic platform based onQCLs
will enable generation of non-classical radiation and/or demon-
stration of entanglement among different comb-emitted modes,

in close analogy with squeezing effects demonstrated more than
25 years ago in semiconductor bipolar laser diodes.[94] Already
at that time, sub-shot noise operation of the laser current driver
was the key and, nowadays, this is addressed even in commer-
cially available devices (e.g., https://www.ppqsense.it/products/
qubecl-laser-controllers/qubecl/low-noise).
Moreover, a powerful way to endow QCL-FCs of quantum

properties is expected to be FWM that can ensure intrinsic quan-
tum correlation effects in the laser cavity. Along this line, quan-
tum simulation with atoms (fermions) of electron transport in
the quantum cascade laser structure has been recently proposed,
to optimize the QCL design.[30] Interaction of THz radiation with
matter represents an additional, twofold, motivation for its ex-
ploitation in quantum technologies applications. Firstly, most
molecular rotational transitions are resonant with THz radia-
tion; secondly, THz propagation in free space undergoes orders
of magnitude less scattering effects than visible light, due to the
much longer wavelength: the drawback of THz propagation in
air, however, is represented by the strong water vapor absorption.
Control of rotational degrees of freedom in simple molecules,

by using THz coherent radiation, will represent the pathway for
their full manipulation and exploitation, especially for quantum
simulation, computation and metrology.[95–97]

The Shannon formula C (bit s−1) = Wlog2(1 + S/N) (where C
is the data rate, or information capacity,W is the available band-
width and S/N the signal-to-noise ratio) defines the achievable
data rate in any communication system. It is known that data traf-
fic is exponentially increasing, worldwide, especially due to the
ever-increasing use of wireless devices [e.g., Cisco The Zettabyte
Era: Trends and Analysis 1–24 (Cisco and/or its affiliates, 2014)].
Therefore, classical wireless communication networks are al-
ready moving, since several years, toward THz frequencies, to in-
crease data rates to several hundredGbit s−1 exploiting the higher
carrier frequencies of the sub-mm spectral range, not yet allo-
cated for telecom applications.[98,99] This trend is also motivated
by several other advantages of THz frequency radiation as com-
pared to even higher frequencies infrared carriers: the higher tol-
erance to misalignment and the much lower scattering losses in
foggy/dusty/smoky conditions for free-space propagation beams.
Also quantum communication, exploiting quantum-key-

distribution (QKD) to provide an intrinsic security endowed by
quantummechanics, is expected to follow a similar trend, for the
future. Therefore, THz QCLs can play a major role also for such
applications. Considering the strong absorption of water vapor of
large parts of the THz spectrum, inter-satellite communication
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in space can be an ideal environment for THz QCL deployment,
as well as very short-range (<a few meters) outdoor applications.
Carrier signals at low frequencies, generated by a THz QCL, can
also be ideal to enable wireless implementations of quantum key
distributions in a few-photon communications system, where
the carrier photon need to display higher, or similar, energies,
as compared to the thermal background noise. In addition,
indoor and outdoor quantum key distribution applications can
allow addressing the goal of beyond fifth-generation ultra-secure
wireless communications systems.
Furthermore, THz quantum entanglement distributions are

viable deployment options in the micro-satellite communication
context, where nowater-vapor absorption is present. Continuous-
variable entangled states can becomemajor strategic tools for sev-
eral target outcomes. In particular, they can be potentially config-
ured as the founding blocks for future implementation of quan-
tum computation protocols, quantum teleportation or to increase
capacity, robustness and security of selected free-space quantum
communication channels.
The development of a fully integrated, QCL-based, quantum

platform also requires engineering appropriate detectors, having
a background noise significantly lower than the shot noise limit
of the radiation coupled, a sufficiently wide dynamic range,
important when QCL is operating in continuous-wave radiation,
and a high-quantum efficiency. Although direct IR detection
schemes have very recently started to be investigated,[100] perfor-
mance limitations seem to be quite severe, yet, as compared to
the best available silicon detectors in the near-IR. If emerging
superconductive technologies could provide answers for the
mid-IR range,[101,102] it is still unclear if they can be extended to
the THz range. Moreover, the ultracold operation temperature
of such class of detectors can represent a serious obstacle to
their widespread adoption. An alternative technology could be
represented by high-efficiency nonlinear up-conversion of THz
radiation to the near IR region, where the best detectors are
available. In this respect, it is noteworthy that, while a number of
different down-conversion schemes set-ups have been demon-
strated from the near IR to the THz, both continuous wave
and pulsed,[103–106] THz-to-optical conversion has been mostly
limited to specific applications, with low conversion efficiency,
yet.[107] The main expected challenge for such an approach
is represented by the use of high laser intensities for highly
efficient conversion, requiring appropriate optics and nonlinear
materials, with transparency/reflectivity adequate for generation
and propagation of widely different wavelengths, in the near/far
IR ranges.
Moreover, 2Dmaterials combinedwithQCLs can also open ap-

pealing perspectives in quantum science. By stacking layeredma-
terials into a sandwich configuration, an incredibly broad range
of optical properties can be reached once the material is embed-
ded in a device. As an example, depending on the way they are
stacked, the resulting heterostructure can work as a light reflec-
tor, transmitter or absorber. In addition, thesematerials are show-
ing unique potential for their further integration into quantum
photonic circuits as single photon emission and detection.
2D materials well integrate with QCLs, either coupled

with their emission facet[73,108] or intracavity, both in conven-
tional Fabry–Perot architectures and in more exotic random
structures.[109]

In this context, QCLs offer an interesting playground for
the development of functionalized, compact and coherent, solid
state-based FIR sources, exploiting the giant optical nonlineari-
ties of 2D materials, integrated on chip. This promises to open
new domains in quantum science, such as quantum control
of condensed matter as, for example, of the model atom-in-
semiconductor system Si:P that has been proposed for quantum
computing applications.[110] In this case, whilst the qubit is en-
coded in the nuclear splitting in the microwave range, the 1s-2p
transition of the trapped P atom lies in the far-IR region, around
8THz. This transition has been used to coherently control the
qubit state.
The scalable integration of quantum devices into integrated

quantum networks has so far showed major limitations due to
the incompatibility of materials, growth processes, miniaturiza-
tion, and integration of various quantum components on existing
mature Si or CMOS platforms, key ingredients in current quan-
tum technologies. QCLs and 2Dmaterials offer a unique perspec-
tive to build up integrated quantum platforms in the far-infrared
and in the millimeter wave regime. It is indeed worth mention-
ing that compact, low noise mm-wave generation can be easily
achieved using mode-locked THz frequency combs.[111]

Finally, near-field microscopy could also fundamentally ben-
efit of powerful THz QCLs for fundamental investigations at
the nanoscale, as inspecting charge carrier density,[112] plasmon–
polariton[113,114] and phonon–polariton.[115,116] THz QCL based
near-field microscopy can allow mapping the spatial variation
and the bias dependence of local currents induced by light illumi-
nation, allowing to study the photocarrier transport or the elec-
tronic band bending, or to unveiling fundamental physical phe-
nomena in semiconductors, superconductors or bi-dimensional
(2D) materials as graphene, phosphorene or transition metal
dichalcogenides, that can guide the design of quantum detec-
tors and single photon sources exploiting such a novel class of
2D quantum materials. Combining high sample quality and ad-
vanced experimental techniques[117,118] can enable investigation
of electron–electron interactions in graphene and stimulate novel
strategies for quantum sensing of collective excitations in 2D
materials,[119,120] using the QCL as a powerful quantum source,
with an adequate thermal management.[121]
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