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Abstract: Terahertz (THz) quantum cascade laser (QCL) is
an electrically pumped unipolar photonic device in which
light emission takes place due to electronic transitions
between subbands formed by multiple strongly coupled
quantum wells. THz QCL is arguably the most promising
solid-state source to realize various THz applications,
such as high-resolution spectroscopy, real-time imaging,
chemical and biological sensing, and high-speed wireless
communication. To date, THz QCLs have covered emitting
frequency from 1.2 to 5.4 THz when operating without the
assistance of an external magnetic field. The highest output
power is in hundreds milliwatt and watt levels continuous-
mode and pulsed-mode operations, respectively. THz QCL-
based local oscillators have been implemented in astronomy
for the identification of atoms and ions. However, there are
also limitations, including under room-temperature opera-
tion, large divergent beam, narrow single-mode frequency
tuning range, incomplete polarization control, and narrow-
range frequency comb operation that hinder the wide-
spread applications of THz QCLs. Continuous efforts have
been made to improve those THz QCL properties in order to
satisfy the requirements of different THz applications. This
report will review the key output characteristic develop-
ments of THz QCLs in the past few years, which aim to speed
up THz QCLs toward practical applications.
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1 Introduction

It has long been known that terahertz (THz) region
(v ~ 0.3-10 THz, A ~ 1,000-30 pm, and Aw ~ 1.2-40 meV)
is ideal in many applications, such as in chemical and
biological sensing, imaging and spectroscopic analysis [1-5].
THz radiation can penetrate many non-polar materials, such
as plastics, paper, ceramics, wood, and fabrics, that are typi-
cally opaque at visible and infrared frequencies. Many mole-
cular species have uniquely strong “fingerprint” signatures
at THz frequencies due to the low-energy vibrational and
rotational modes that couple strongly to electromagnetic
radiation. Fine-structure transitions of atoms and ions are
also within THz range. These properties make THz radiation
specifically useful in material identification, chemical ana-
lysis, and high-resolution spectroscopy in astronomy and
plasma science [6-15].

Due to the short wavelength (compared to microwaves)
and non-ionized property (compared to high-energy X-rays)
of the THz wave, it can be used for non-invasive and high
spatial resolution image detection, which matches the
requirements of security surveillance, including stand-
off imaging for the detection of hidden objects [16,17].
Important applications are also known to exist in biology
and medicine [17-19], in areas as diverse as cancer research,
DNA sensing, and non-destructive testing of pharmaceutical
product. THz source is also expected as carrier to meet
the increasing demand for high-speed and high-capacity
wireless communications, because the high carrier
frequencies promise unprecedented channel capaci-
ties [20-23].

In order to unlock the full potential of these applica-
tions on a large scale, compact and powerful THz sources
are needed. Solid-state electronic devices, such as Gunn
oscillators, backward wave oscillators, and Schottky diode
frequency multipliers could generate milliwatt (mW)-level
average output power for frequencies of approximately
1 THz and below [1,24]. However, the output powers dra-
matically drop to the order of yW [25,26] when operating above
1 THz owing to the transit-time and resistance-capacitance
effects [27,28]. Optical methods based on photoconductive

8 Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/ntrev-2023-0115
mailto:gaoliang@email.sdu.edu.cn
mailto:fengchao@sdu.edu.cn
mailto:zhaoxian@sdu.edu.cn

2 — Lliang Gao et al.

effect [29], different-frequency generation (DFG) [30], or optical
parametric oscillation [31] can also generate THz radiation;
however, those methods require high-energy pump sources,
and the whole systems are bulky and power hungry.
Recently, a new method relied on DFG in dual-wavelength
mid-infrared quantum cascade laser (QCL) has been imple-
mented for THz wave generation, which is currently the
unique electrically pumped monolithic semiconductor light
source operating at room temperature with widely tunable
lasing emission [32-36]. However, the intrinsic low conver-
sion efficiency limits the peak output power only in a few
mW for pulsed mode and average power in micro-watt level
for continuous-wave (CW) mode [37,38]. Although some THz
applications have been realized with the aforementioned
electronic and photonic sources, their limitations hinder
the further development of THz applications.

The advent of THz QCL in 2002 [39] is a significant
breakthrough in the THz field that can potentially bridge
the so-called “THz gap” between semiconductor electronic
and photonic sources. Till date, THz QCLs have covered
frequencies from 1.2 to 5.4 THz (when operated without
the assistance of an external magnetic field) [40,41]. The
peak output power is 2.4 W at 4.4 THz [42] in pulsed mode
at 10 K heat sink temperature and over 100 mW in CW
mode [43,44] at 10 K. CW THz QCLs cooled with miniature
coolers have been implemented for heterodyne spectro-
scopy [12-15] and high-resolution absorption spectrometer
[9,10] in astronomy and plasma science. The maximum
operating temperatures (Tn,x) for pulsed operation of
QCLs emitting in the range of 1.5 to 4.5 THz have reached
above 150 K with the continuous efforts of systematic
optimizing the QCL active region designs [45]. However,
the THz QCL operation is still almost restricted to cryogenic
cooling; therefore, improving .« to above that of a compact
cooler (>235 K for single-stage thermoelectric cooler), or even-
tually cooler-free, has been a long-term goal in the THz QCL
field. Recently, Bosco et al. [46], Khalatpour et al [47], and
Khalatpour et al. [48] reported the small footprint and cryo-
genic-free THz QCLs with thermoelectric cooler, and the max-
imum operating temperatures were 2015, 250, and 261 K
respectively.

Almost all the high operating temperature THz QCLs
are based on metal-metal (MM) waveguide owing to the
near unit mode confinement factor and good heat removal
of bonding metals [46,47,49]; however, the MM cavity is
poor emitter due to the large impedance mismatch and
subwavelength radiating end-facets. Consequently, QCLs
based on MM cavities suffer from low radiative efficiency,
highly divergent radiation patterns, and multimode opera-
tion [50,51]. In order to improve those properties, different
resonator designs, such as distributed feedback (DFB)
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grating [52-54], photonic crystal [55], disk [56], two-section
resonators [57,58], spoof surface plasmon (SP) structures
[59], and beam engineering methods [60], have been devel-
oped. Recently, with the development of novel QCL MM
cavities, such as vertical-external-cavity surface-emitting
laser (VECSEL) [61], phase-locked arrays [62], and photonic
wire lasers [63], QCLs with high-power, narrow-beam, and
single-mode operation could be obtained simultaneously.
Another QCL cavity, SP waveguide, is usually used with
external lens to obtain CW operation with high output
power and near Gaussian beam profile [11,64].

Frequency tuning and polarization control are also
required in many THz applications, such as spectroscopic
analysis and circular dichroism spectroscopy. A variety of
quasi-static methods to tune single-mode THz QCLs have
been discussed in the review article by Vitiello et al. [65].
Thermal tuning [53] and broadly continuous tuning by the
use of a mechanical plunger to alter the evanescent optical
mode [66] or the external-cavity feedback [67] are investi-
gated. Both of these techniques could only be used for slow
tuning speed (few hundred Hz of modulation speed). One
time material condensation tuning by modifying the refrac-
tive index of the medium surrounding QCL lasers [68,69]
and rear-facet illumination by near-infrared (NIR) lasers
[70] has also been demonstrated. Fast tuning method, elec-
trical tuning, that induces a change in the effective index of
the resonant optical mode is also reported in refs [63,71-75].

THz QCLs naturally emit linearly polarized radiation
because of the intersubband transition of electrons in multi-
quantum wells. Polarization control of THz wave still
mostly relies on external modulator elements, such as
rotating polarizers/waveplates [76], active THz metamater-
ials [77,78], and liquid-crystal-based waveplates [79,80].
However, such external controlled approaches will render
the system slow, bulky, and expensive. Directly switching
the polarization states is always preferred due to the
properties such as high speed, compactness, and power
efficiency. THz QCL frequency combs have also been devel-
oped by engineering the cavity dispersion with different
active regions [81-86]. These new comb generators open
up novel opportunities for the spectroscopy of molecular
fingerprints over broad spectral bandwidths. Realizing
THz frequency combs with stable and high output power,
as well as entire lasing range comb operation, is preferred
for many applications. In this report, we will focus on the
key recent developments of THz QCLs in five aspects,
namely, CW and high-temperature pulsed operation, high-
output-power and narrow-beam profile, single-mode and
frequency tuning, polarization control, and THz QCL fre-
quency combs, which play important roles in practical
applications.
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2 CW and high-temperature pulsed
operation

The CW and pulsed operation of THz QCLs are usually
based on different active regions and waveguide designs.
There are four different active region designs, namely,
chirped superlattice, bound-to-continuum, resonant-phonon,
and hybrid design for THz QCLs [2]. The hybrid design can
achieve high gain value along with low electrical power dis-
sipation and is usually used for CW operation. The resonant-
phonon design has clear energy levels and is easier to be
optimized for high-temperature pulsed operation. Two dif-
ferent waveguides, SP waveguide [39] and MM [90] wave-
guide, are developed for THz QCLs. For SP waveguide, the
optical mode is vertically confined by a top metal layer and a
thin heavily doped bottom contact layer underneath the
active region. For MM waveguide, the active region is sand-
wiched between two metal layers. The optical mode is also
confined between these two metal layers. Due to the strong
subwavelength confinement, the beam quality and output
power of edge-emitting MM QCLs are worse in comparison
with those of SP devices. However, MM QCLs have the
advantage of operating at higher temperatures.

THz QCLSs can provide high output power, narrow line-
width, and high spectral brightness, which are beneficial in
high-resolution spectroscopy applications; however, CW
operation should be first satisfied [5]. The recorded output
power of THz QCLs in CW mode is ~230 mW at 15 K, cooled
with continuous-flow liquid-helium [44]. The active region
design is based on hybrid bound-to-continuum transition
and resonant-phonon extraction scheme, and the device is
fabricated with SP waveguide. The operating voltage and
current density of the QCL are around 20 V and 600 A/cm?,
respectively [44]. The ridge dimension is 0.175 x 2.9 mm?, so
the electrical pump power is calculated to be about 60 W,
which is out of the range for mechanical coolers. The
reduced thermal conductivity along the growth direction
would affect the heat removal of the device, and the wet
chemical etching-formed laser ridge would lead to side-
walls and uneven current spreading; these two aspects
would make the device not suitable for long time operation
and for practical applications.

The need for THz QCLs as local oscillators in hetero-
dyne receivers for astronomy has facilitated the develop-
ment of low power dissipation CW QCLs. Up to now, THz
QCLs have been implemented in high-resolution absorp-
tion spectrometers [9,10] as well as in heterodyne spectro-
meters [5,11-15] for the German Receivers for Astronomy
at Terahertz Frequencies (GREAT and upGREAT) on board
the Stratospheric Observatory for Infrared Astronomy
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(SOFIA). The THz QCL local oscillators are compact and
can be operated in miniature coolers with typical dimen-
sions of just 100 mm [91]. German Aerospace Center (DLR)
demonstrated a CW THz QCL, which was based on the
hybrid design and SP waveguide in 2014 [11,64]. The QCL
was cooled with the cold finger of a cryocooler (30-80 K),
and no liquid cryogens were required. Single-mode emis-
sion at 4.745 THz was realized with the first-order lateral
distributed gratings, and the output power was 2.2 mW.
The emission frequency could be tuned from -15 to
+6.5 GHz around the center frequency by changing the
driving currents. A parabolic mirror was used to obtain
near Gaussian beam profile with an M? value of 1.2.

The Physikalisches Institut der Universitdt zu Koln
(KOSMA) also demonstrated a single-mode (~6 GHz tuning
around center frequency at 4.7448 THz) and MM QCL based
on integrated patch antenna arrays [92,93]. The device
delivered an output power of 24 mW with the funda-
mental Gaussian mode and was also implemented in SOFIA
missions. The other 4.74 THz local oscillator was developed
based on an antenna-coupled third-order DFB QCL with
MM waveguide for NASA GUSTO project [94,95]. The device
was based on the resonant-phonon active medium design.
The output power was ~5 mW, and the lasing frequency
could be controlled within 1.5-3 GHz around 4.7448 THz.
The aforementioned three CW QCLs are all cooled with
compact Stirling coolers.

The quantum barrier Al contents of the aforemen-
tioned active designs [11,44,64,92-95] are between 15 and
30%, since low-Al contents provide sufficient coupling
through thick injection barriers and large tolerance to
growth fluctuations. THz QCLs based on binary barrier
AlAs have also been demonstrated in the studies by
Schrottke et al. [96] and Schrottke et al. [97] in order to
realize low power dissipation. By replacing the ternary
Aly25Gag7sAs barriers [98] with binary AlAs barriers and
decreasing the barrier thickness correspondingly while
maintaining other design parameters approximately similar,
the AlAs barrier QCLs showed more than three times higher
wall plug efficiency. The threshold current density was also
reduced from 350 to 120 A/cm? due to the reduced leakage of
carriers through parasitic states. The optimized QCL based
on SP waveguide finally operated in CW mode and was used
in astronomy applications when cooling with a compact
cryocooler.

Besides CW operation, high-temperature pulsed opera-
tion is also preferred for many THz applications, such as
self-mixing imaging [99,100], spectroscopy imaging [101],
real-time imaging [47], and multiheterodyne spectroscopy
[102]. Researchers have devoted a lot of effects to increase
the maximum operating temperature since the first
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demonstration of THz QCLs in 2002 [39]. Figure 1 shows the
chronological list of maximum operating temperature of
THz QCLs. The Ty, Was rapidly increased from 50 to 169 K
[39,87,88] in the first 3 years after the demonstration of THz
QCL, then slowly improved, and eventually reached to
199.5 K in 2012 [49,51,89]. During this period, active regions
with Alg1sGaggsAs barriers demonstrated better tempera-
ture performance than taller barrier designs. Scattering
effects were considered to analyze the high-temperature
performance, and the conclusion was that tall barriers
would introduce large alloy and interface roughness scat-
tering losses compared with shallow barriers, which was
detrimental to device performance. However, an insightful
discovery found that carrier leakage over quantum bar-
riers was the dominant factor other than scattering effects
when operating at high-temperatures [103]. So, by using
tall barriers to suppress carrier leakage over the barrier
would benefit the Ty of QCLs.

Furthermore, the ultimate temperature limit of QCL is
also related to the fraction of electron population in the
upper state, since parasitic re-absorption of the free elec-
trons and the electrical stability are the key sources of
optical losses [104,105]. This leads to the THz QCL design
trend to use less number of states per period, which can
also be clearly seen from the chronological development of
Thax in Figure 1. Based on the progress of theoretical works,
the highest temperature was finally made a breakthrough
to 210.5 K in 2019 [46] and the ultimate temperature was
then improved to 261 K in 2022 [48]. The QCL structures in
studies by Bosco et al. [46] and Khalatpour et al. [48] both
used two-well designs and tall barriers with Alg25Gag7sAS
and Al 3sGaggsAs, respectively, which were different from
the previous maximum temperature designs with rela-
tively low barriers (Aly15GaggsAs) and three or more wells
per period.

Bosco et al. showed the increase of upper laser-state
population with the number of active states reduced
(Figure 2(a)), calculated with a nonequilibrium Green’s

DE GRUYTER

function (NEGF) model for five designs with different num-
bers of active states per period [46]. The best design (two-
well structure) was grown by molecular beam epitaxy
(MBE) and processed with MM waveguide. The pulsed
L-I-V characteristics from a 1.8 mm x 150 pm x 12 pm
ridge laser at different temperatures are shown in Figure
2(b). The maximum operating temperature was 209.5 K.
The same device was then tested on a four-stage thermo-
electric cooler and showed the maximum operating
temperature of 210.5 K. Khalatpour et al. increased the max-
imum operating temperature further to 250 K by using a
two-quantum-well design with 30% Al barriers to minimize
the leakage channel and realize a clean three-level system,
especially at high-temperatures [47]. The conduction band
diagram and probability density functions of subband
states are shown in Figure 2(c). In order to realize the clean
three-level system, reducing intermodule tunneling except
for the desired channel |i,-1) — |u,) and reducing the cou-
pling to higher-lying bound states are the two main con-
siderations that need to be satisfied. At operating bias,
where |i,-1) and |u,) are aligned, the higher-energy bound
states denoted by |p; ) and |p,,) would lie in the conti-
nuum and the electron-LO-phonon absorption from [i,-1),
|un) to |py,), IP,,) should be minimized. The trade-off
between increasing the resonant tunneling between |i,-;)
and |u,) and reducing the leakage to the continuum is the
main part of the design effort. Based on these design stra-
tegies, multiple QCL active regions were designed and pro-
cessed, which led to the maximum operating temperature
of 250 K. The pulsed L-I performance at different tempera-
tures is shown in Figure 2(d). Real-time imaging with this
portable THz system cooled with a thermoelectric cooler
and a room-temperature camera was also performed in the
study by Khalatpour et al. [47], which was a big step toward
THz applications in medicine, biochemistry, and security.
The authors further improved T« to 261 K by optimizing
the design parameters [48]. Further understanding of the
QCL principle such as the role of different scattering

,3.8THz ,3.9THz ,3.9THz ,4.0 THz
15% Al, 4-well 15% Al, 3-well 25% Al, 2-well 35% Al, 2-well
MIT MIT ETH-Zurich MIT
,4.4THz ,3.0 THz ,3.0 THz ,2.8 THz ,4.0 THz
15% Al, 7-well 15% Al, 4-well 15% Al, 3-well 15% Al, 3-well 30% Al, 2-well
SNS-Pisa MIT Harvard NRC-Canada MIT
o o s P O R O
2002 2003 2005 2008 2009 2012 2019 2020 2022

Figure 1: Chronological list of the development of maximum operating temperature of THz QCLs with their lasing frequency, quantum barrier Al
composition, number of quantum wells per period, and research groups. These results are summarized from previous studies [39,46-49,51,87-89].
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Figure 2: (a) Relative density of the upper laser state of five QCL designs with different numbers of active states per period, simulated with an NEGF
model. The upper laser state and the lower laser state are shown in red and blue, respectively. The green lines indicate the other relevant states. The
measured maximum operation temperatures are also indicated, respectively; (b) pulsed L-I-V curves at different temperatures of the Tpax = 210.5 K
designs with two quantum wells per period and GaAs/Alj25Gag7sAs material system. Reprint from ref. [46], (c) probability density functions of
subband states of the T« = 250 K designs; and (d) power versus current density at different temperatures. Inset: plot of threshold current density
versus temperatures with J. and J; as fitting parameters. The black line is an exponential fit. Reprinted from the study of Khalatpour et al. [47].

mechanisms and different leaking channels in the super-
lattice might bring the THz QCL operating at room tem-
perature in the future.

3 High-output-power and narrow-
beam profile

High-power and narrow-beam QCLs are always desirable
in many THz applications. For example, QCLs as local oscil-
lators in astronomy applications need to provide large
enough power to pump the mixer, as well as to emit with
fundamental Gaussian beams to relax the requirements
regarding the optics of the spectrometer [5]. THz QCLs
with Fabry-Pérot cavity have demonstrated peak output

power in watt level at 10 K by using large and wide laser
ridges based on SP waveguide [42,106,107]. Also, the oper-
ating temperatures for these devices with an average
power of 1 mW are all around 120 K. The beam profile of
THz QCLs depends strongly on the type of waveguides, and
Gaussian beam can only be realized together with external
elements. THz QCLs with SP waveguide have large emis-
sion area contributed from the laser ridge and from the
substrate, and demonstrate an M? value of less than 1.2
when combined with a dedicated lens [11,108,109]. The
beam pattern based on MM waveguide is much more
divergent due to the highly confined mode between the
two metal strips. External elements, such as lens and fre-
quency filter, have to be implemented together in practical
applications due to the intrinsic multimode and divergent
beam profile of Fabry-Pérot MM QCLs [50,51]. Silicon lens-
coupled MM waveguide has shown far-field beam pattern
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with a full width at half-maximum value of ~4.8° [110] and
2.6° x 2.4° [111], respectively. Several methods have been
developed in order to improve the beam profile of QCLs, in
particular, QCLs with MM waveguide.

DFB is a routine way to achieve single-mode and tight
beam operation for THz QCLs [52-54]. However, the beam
divergence of DFB QCLs is usually narrow along the direc-
tion parallel to the cavity axis yet highly divergent in the
perpendicular direction. Amanti et al. achieved the single-
mode operation and narrow-beam profile in two directions
(beam divergence of ~10 *) simultaneously by using a third-
order DFB grating to realize k vectors matching of the first
and second diffracted modes to the mode in air [54]. This
made the diffracted mode propagate in the horizontal
direction with a large in-phase cross-sectional area and
thus radiate with a narrow far-field beam profile. How-
ever, the output powers of DFB THz lasers with normal
metal grating periods were still low. In order to improve
the output power, Xu et al. implemented a graded photonic
heterostructure to excite the radiative symmetric mode in
THz QCL and achieved a high peak output power of
103 mW with the beam divergence of 9° x 20° at 20 K
[112]. Jin et al used the second- and forth-order hybrid
grating scheme to excite the symmetric cavity mode and
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improve the radiative efficiency simultaneously [113]. The
device showed a peak output power of 170 mW and single-
lobed far-field beam pattern with a divergence of 5° x 25°
at 62 K.

Coupled cavity is also a promising way to increase the
effective emission area of a laser in order to achieve
narrow far-field beam pattern. Khalatpour et al. demon-
strated a THz laser with a low-divergent beam pattern of
10° and a high output power of 50-90 mW in a CW mode
by using coupled photonic wire lasers [63]. This design took
advantage of the unique feature of photonic wire lasers,
i.e, a large fraction of the mode propagated outside the
laser cavity due to the small lateral dimension relative to
the wavelength of photonic wire lasers, and used antenna-
coupled third-order distributed feedback grating (ADFB) as
the platform to form the coupled cavity. A periodic
antenna-coupled third-order DFB structure, along with
the computed symmetric bidirectional radiation pattern,
is shown in Figure 3(a). Figure 3(b) shows the L-I-V per-
formance of a representative m-coupled ADFB laser. The
radiations from all the antenna loops are in phase along
the DFB structure, resulting in a tight far-field beam pat-
tern as shown in Figure 3(c). The same group further
improved the beam divergence to 1.4° x 1.8° by using a
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Figure 3: (a) Full-wave simulation of the stimulated fundamental mode and the beam pattern of an ADFB; (b) L-I-V characteristics of a five -coupled
ADFBs when operating in continuous mode. The lasing spectra and SEM image are shown in insets; and (c) and beam pattern of the five 7-coupled

ADFBs. Reprinted from the study of Khalatpour et al. [63].
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home-made high-density polyethylene lens mounted in
front of the QCL with a distance of 23 mm [114].
Vertical-cavity surface-emitting laser is usually used to
achieve narrow beam in visible and NIR range. However,
this method cannot easily be applied to QCLs since the
intrinsic TM-polarized property (the polarization direction
is along the epi-layer growth direction) is due to the selec-
tion rule of the intersubband transition. Xu et al. demon-
strated a metasurface consisting of a subwavelength array
of metallic microcavity antennas that could convert the
incoming TE-polarized light to the TM-polarized mode
(TMy; in this case) in the microcavity. Loading the metasur-
face with quantum cascade gain material and placing an
output coupler created an external laser cavity, which
determined the lasing properties, such as output power
and beam profile. The novel laser scheme was named as
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THz quantum cascade VECSEL, and it showed a near-
Gaussian beam of 4.3° x 5.1° divergence due to the large
in-phase emission area [115].

To further increase the output power, Curwen et al.
demonstrated the THz VECSEL with output power of watt
level by using an amplifying metasurface designed for
increased power density [61]. Unlike previously demon-
strated THz VECSELs [115], the subcavities operated on
the third-order lateral modal resonance (TMy3), instead of
the first-order resonance (TMy;), which led to a higher spa-
tial density of the gain material and an increased output
power per metasurface area. The transverse field of TMg3
lateral mode had the same symmetry and coupled to sur-
face incident radiation in the same manner as the TMy
ridges, as shown in Figure 4(a). However, since the TM3
ridges are approximately three times wider than the TMy,
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Figure 4: (a) Cross-section of the TMy3 and TM; metasurface designs; (b) areal view of the TMy3 metasurface; (c) the THz VECSEL includes an active
metasurface and an output coupler; and (d) pulsed L-I-V performance of the TMy3 VECSEL at 6 and 77 K with the lasing spectrum and beam patterns

in the insets. Reprinted from the study of Curwen et al. [61].
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ridges for the same frequency, so the amount of gain mate-
rial per unit area is increased (Figure 4(b)). The increased
“fill factor” would benefit the VECSEL output power without
having to increase the overall dimensions of the metasur-
face and allows for more efficient use of the epitaxially
grown wafer. With a low reflectance capacitive mesh output
coupler (transmittance of 18%, Figure 4(c)), the device
showed an output power of 1.35 W at 6 K and 830 mW
at 77 K with a single-mode spectrum and a low divergence
beam pattern (Figure 4(d)).

Another method to improve the output power is to
increase the power conversion efficiency. The radiative
efficiency of Fabry-Pérot waveguide, a;aq, is typically in
the range of 2-3 cm™ for a 1 mm long MM cavity with
emission frequency at 3—-4 THz [50], which is much smaller
when compared with the total loss coefficient of the laser
cavity (g is in the range of 10-15 cm™ [116,117]). There-
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cavity), decreasing the cavity length could increase the
radiative efficiency. Jin et al. implemented an array of
short cavities in a THz plasmonic QCL to improve the radia-
tive efficiency [62]. The microcavities were phase-locked by
the established single-sided surface plasmon polaritons
(SPPs) in the surrounding medium of the cavities and rea-
lized single-mode operation with a peak output power of
2.03 W, a slope efficiency of 1.57 W/A, a peak wall plug effi-
ciency of 2.3%, and a beam divergence of 3.2° x 11.5°,
respectively. The concept of phase-locked multiple parallel-
plate subwavelength metallic cavities, the fabricated device
image, and the lasing characteristics are shown in Figure 5.
While none of the above-discussed approaches have resulted
in an improved beam profile when compared with QCLs
with SP resonator together with beam shaping optics, the
output powers are significantly improved and the QCLs
operate in a robust single mode within the whole lasing
range. The beam quality of these QCLs can also be further
improved by using external lens as discussed in the study by
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Figure 5: (a) The radiative efficiency for a long Fabry-Pérot cavity is effectively enhanced by splitting it up into several phased-locked shorter cavities.
A specific periodic arrangement of the microcavities and slit-like apertures in the top metal layer of the cavities establishes single-sided SPPs in the
surrounding medium of the cavities, which leads to phase-locked operation of the microcavities; (b) a SEM image of the fabricated phase-locked QCL
arrays; and (c) pulsed L-I-V performance of a representative phased-locked array QCL with seven microcavities at different heat sink temperatures.
The inset shows the QCL spectra at different electrical bias at 58 K; and (d) far-field radiation pattern with a divergence of 3.2° x 11.5°. Reprinted from

the study of Jin et al. [62].
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Chen et al. [114]. Furthermore, the temperatures for these
devices with narrow-beam profile in previous studies
[61,62,113] are 77, 99, and 120 K, respectively, when the
average output-power is set as 1 mW. The high-power,
narrow-beam, and single-mode THz QCLs have important
applications in real-time imaging and spectroscopy imaging.

4 Single mode and frequency
tuning

THz band is very important in sensing by imaging or spec-
troscopic analysis since many molecules have strong and
distinct spectral signatures at THz frequencies [3]. Those
applications need wideband or tunable single-mode THz
sources. To achieve the single-mode operation, an effective
technique from laser-diode technology, namely, DFB grat-
ings, has been transferred to the THz range. For grating
designs of SP waveguide, enhancing the grating contrast
for strong feedback at the desired frequency while main-
taining the overall loss and confinement factor of the tra-
veling waves within the active region should be considered
[91,119,120]. For MM waveguide, large modal effective
index contrast can be achieved by creating air slits in
the top metal layer without much influence on the overall
loss due to the strong mode confinement [52-54,121].
However, non-DFB mode emission and high-order lateral
mode oscillation should be prevented by using highly
doped GaAs contact layer. Photonic crystals have also
been implemented to realize single-mode THz emission
[55,122-124]. Robust single-mode operation is also achieved
by using two-section resonators [57,58]. The laser is forced to
emit at the desired wavelength where the peaks from the
two resonator reflection spectra coincide. Recently, the
single-mode emission based on GaAs/AlAs heterostructures
was also realized with short Fabry-Pérot SP waveguide
without any DFB gratings or other wavelength-selection
mechanisms [10]. The QCL active regions provide sufficient
gain for short resonators so that the mode spacing is larger
than the width of the gain spectrum. These short-cavity THz
QCLs also demonstrated frequency tuning over 5 GHz with
the CW output power higher than 1 mW, which could be
used as radiation sources for high-resolution absorption
spectroscopy to determine the absolute densities of atoms
and ions in plasmas. However, the exact lasing frequency of
a FP resonator depends sensitively on the exact length of the
resonator, which imposes a challenge for cleaving a laser
bar. Another method to obtain exact frequency is to pre-
cisely adjust the cavity length after cleavage by polishing
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the ridge facets [125]. The short-cavity structure is advanta-
geous in its simpler fabrication as it does not need additional
wavelength-selection structures, but the short FP cavity
length also limits the output power and frequency tuning
range of these lasers.

QCLs are particularly suitable for broadband tuning
because the gain material can be engineered to exhibit
up to octave spanning bandwidths [81]. The tuning ranges
based on temperature change are relatively narrow, typi-
cally in the order of a few GHz, and the typical tuning rates
are several tens of MHz/K or a few MHz/mA [65]. Also, the
thermal tuning speed is inherently slow. Tuning scheme
through electromechanical movement is beneficial in
broadband and continuous tuning; however, it suffers
from problems such as bulky size, mechanical instability,
and slow tuning speed. Qin et al. demonstrated a single-
mode QCL with broad continuous tuning range covering
the entire laser gain spectrum (130 GHz tuning with mode
hopping) [66]. This method used a narrow strip (w = A/3,
where w is the cavity transverse dimension) MM geometry
with first-order DFB grating to force single-mode operation
while modifying the lasing mode index by changing the
transverse vector through mechanically bringing the
plunger close to the side of the laser ridge. The device setup
is shown in Figure 6(a). The same group later obtained a
continuous and reversible tuning range of 330 GHz [118] by
using a narrower wire laser with w = A/8, and the tuning
result is shown in Figure 6(b).

The THz VECSEL is also desired to realize frequency
tuning by changing the length of the laser cavity since it
allows for subwavelength-sized cavities. In order to realize
broadband continuous tuning and avoid mode hopping,
the laser cavity is kept optically short to ensure a large
free spectral range compared to the gain bandwidth of
the amplifying material. Curwen et al. presented a THz
VECSEL, which exhibited ~650 GHz frequency tuning of a
single lasing mode (Figure 6(c)) by mounting an active
reflect array metasurface and a piezoelectric stepper motor
to control the position of the output coupler entirely in the
vacuum cryostat [67]. Furthermore, the radiating aperture
of VECSEL is in millimeter scale, which is much larger than
the normal QCL emitting facet with micrometer scale; this
allows the generation of near diffraction limited beams and
high output power. Therefore, good beam quality and high
output power are obtained simultaneously in THz VECSEL,
as shown in Figure 6(d).

The tuning speed of the aforementioned methods is
relatively slow, which limits the applications requiring
fast scanning speed. The most common mechanism to
tune a THz QCL fast is by using the inherent blue shift in
the peak frequency of the intersubband gain of a QCL with
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Figure 6: (a) Experimental setup of a THz wire laser with a frequency-tuning plunger. The enlarged figure is a MM ridge waveguide with sinusoidal
corrugations on one side to provide first-order DFB to realize single-mode operation; (b) 330 GHz continuous frequency tuning from a THz wire laser
(bottom row), the gaps in the tuning spectra are attributed to the strong atmosphere absorption as indicated in the atmospheric transmission

spectrum (HITRAN 2008) in the middle row. The top row is the threshold current densities at different frequencies; (c) frequency tuning range of the
THz VECSEL by varying the cavity length; and (d) beam patterns measured at different lasing frequencies; (a) Is reprinted from the study of Qin et al.

[66], (b) from the study of Qi et al. [118] and (c) and (d) from the study of Curwen et al. [67].

higher voltages due to the Stark effect in the quantum
wells. Tuning by Stark effect is an ultrafast electro-optic
method that is limited in speed only by the electrical
time constant of the modulation response of a QCL cavity
[128]. By changing the driving currents, the CW QCLs dis-
cussed in Section 2 demonstrated 3-8 GHz frequency tuning
range [10,64], where the output power varies for different
frequencies. The m-coupled ADFB QCL (Figure 3) also rea-
lized 10 GHz frequency tuning with the bias current chan-
ging. However, instabilities such as mode jumping and dis-
continuous changes of output power have to be avoided for
the entire tuning range.

Fast and continuous tuning of THz QCLs based on
single-plasmon waveguide has also been demonstrated
by illuminating the rear facet of the FP cavity with an
NIR diode laser (DL) [58,70,126]. The frequency tuning
was attributed to the optical excitation of an electron-hole
plasma, which changed the refractive index of the QCL
medium. As shown in Figure 7(a), one facet of the QCL is
illuminated with an NIR diode laser. The emission of the
DL is focused with a 30 mm lens and a tenfold objective
into a 90 um spot and then is aligned on the substrate of the

QCL facet, as shown in Figure 7(b). For SP waveguide, a
large partial of the mode intensity is located within the
GaAs substrate. Hence, manipulating the optical properties
of the substrate will change the behavior of the QCL. Single-
mode frequency tuning of almost 40 GHz was achieved for a
QCL emitting at around 3.1 THz when operating in CW
mode. The entire tuning system is compact and low power
consumption and has been established to measure methanol
transmission spectrum, as shown in Figure 7(c). Depending
on the sweep rate, the acquisition of a single spectrum takes
typically 20-100 ms.

Electrical frequency tuning of pulsed THz QCLs has
also been studied. Tur¢inkova et al. [74] reported an elec-
trically tunable THz QCL by using a two-section (master
and slave section) longitudinal interdigitated third-order
DFB cavity (Figure 8(a)). 4 GHz frequency tuning with con-
stant power of ~0.7 mW at 10 K as shown in Figure 8(b)
was realized by changing the currents of the master and
slave section of the DFB laser. Kundu et al. implemented
coupled Y-branched THz QCLs to realize electrical fre-
quency tuning based on the Stark shift and the cavity-
pulling effect [75]. Each cavity of the Y-branched QCLs
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Figure 7: (a) Schematic of the compound structure with the QCL and the DL, the confocal microscope setup is not shown in this figure; (b) microscope
image of the illuminated QCL facet; and (c) measured methanol transmission spectrum with a near 40 GHz tunable QCL. The transmission is displayed
versus the square root of the normalized DL power. Reprinted from previous studies [70, 126].
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Figure 8: (a) SEM image of the two-section interdigitated DFB THz laser. The two sections are named as master and slave, respectively; (b) output
power and frequency of the laser mode as a function of the master and slave currents; (c) schematic illustration of two optically coupled THz QCLs with
integrated photonic lattices to engineer the spectra in individual cavities; and (d) representative spectral coverage obtained by varying the current of
both QCLs at different operating temperatures. (a) and (b) are reprinted from [74] and (c) and (d) from ref. [75].

includes four different functional sections and a photonic
lattice to control the lasing spectra as shown in Figure 8(c).
By changing the applied biases of the two QCLs, the device
showed 19 GHz frequency tuning range with near constant
power of ~4.5 mW at 50 K (Figure 8(d)). The same group

lately demonstrated frequency tuning over 209 GHz
including mode hop-free continuous tuning of ~6-21 GHz
across six frequency bands, controlled through the Stark
shift, cavity-pulling, localized Joule heating, and thermal
effects [129].
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Recently, an electro-optically tunable THz QCL oper-
ating close to its peak bias was realized by changing the
refractive index of the QCL active region based on “detuned
intersubband absorption” [127]. The absorption transition
occurs below threshold as opposed to the aforementioned
threshold tuning due to the Stark shift in the gain spectrum.
A frequency-detuned intersubband absorption transition is
specifically implemented via bandstructure design as shown
in Figure 9(a) and (b). The frequency of the peak of absorp-
tion transition is appropriately detuned from that of peak
gain transition (by ~0.3 THz here) such that it has a negli-
gible detrimental impact on the gain at the lasing frequency
but still has a substantial effect on refractive index of the
superlattice medium at that frequency, which leads to fre-
quency tuning by the cavity-pulling effect. Two optically
coupled but electrically isolated cavities (Figure 9(c)) were
used to realize approximately 4 GHz electrical tuning
(Figure 9(d)) for a 3.6 THz DFB QCL with near-constant
peak power in the range of 5-5.3 mW and in a narrow
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single-lobed beam with far-field divergence of ~4° x 11°
(Figure 9(e)).

5 Polarization control

Polarization is an important aspect of any light source, and
the ability to control the polarization states of the laser
output beam is essential for many applications, such as
polarization-sensitive imaging, vibrational circular dichroism
spectroscopy, and ellipsometry. For THz QCLs, the output
polarization can be altered through the interaction of the
electric field with the emission apertures, by implementing
DFB metal gratings or antennas to achieve linear polar-
ization. However, circularly or elliptically polarized states
cannot be realized with those methods. Rauter et al
obtained circularly polarized laser by patterning sur-
face-emitting gratings comprising sets of orthogonally
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Figure 9: (a) Conduction band diagram at bias corresponding to peak gain for the tunable THz QCL; (b) conduction band diagram at lower bias
corresponding to loss transition for the same QCL structure; (c) bias setup of two laterally coupled DFB cavities, (d) the emission spectra of the lasing
cavity operated at peak bias, while the bias of the control cavity is varied; and (e) far-field radiation pattern of the lasing cavity with the divergence of

4° x 11°. Reprinted from the study of Vitiello and De Natale [127].
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oriented aperture antennas [134]. With different grating
designs, a series of polarization states, from linear to
elliptical, were observed. Degrees of circular polarization
as high as 98% were demonstrated yet only for selected
far-field regions and within a collection half-angle of
about 6°. Zhu et al. reported the polarization-controllable
THz source based on single-mode master oscillator power
amplifier (MOPA) [130]. The MOPA device was composed
of a first-order DFB laser as the master oscillator, a pre-
amplifier, and a 2D periodical antenna array as the power
extractor. The polarization state was determined by the
orientation and phase relationship between the 2D antennas.
The degree of linear or circular polarization reached as high
as 97.5 or 99.3%, respectively, by choosing different antenna
orientations and periods. Figure 10(a) shows the scheme of
the MOPA device based on MM waveguide. The SEM image
shows two antenna arrays with orthogonal orientations.
Figure 10(b) and (c) demonstrates the beam profiles of two
representative devices (both with divergence of 25° x 33°)
with different polarization states and the collected power
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through the polarizer versus its orientation angle on dif-
ferent spots of the beam patterns.

Borrowed the fundamental mechanism used for beam
shaping in radio frequency phased-arrays, ref. [131] demon-
strated a THz laser that could be designed to radiate with any
coherent polarization states from linear to circular. The laser
included arrays of 10 * 10 patch antenna microcavities and
radiated with single-mode frequency, up to 25 mW output
power, and narrow beam with divergence of 2° x 2° simul-
taneously. By interconnecting the symmetric square micro-
cavities with narrow plasmonic wires along one direction as
shown in Figure 10(d), the resonant frequency detuning
between the TM modes (TM;, and TM;) was introduced.
This feature allowed devices to be designed to radiate
with any coherent polarization states from linear to circular.
Combining different design parameters s and d enabled dif-
ferent polarization scheme as observed in Figure 10(e).

However, the polarization properties based on the
aforementioned methods are fixed after fabrication. Liang
et al. implemented two side-by-side phase-locked tapered
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Figure 10: (a) Schematic illustration and SEM image of the THz MOPA QCL with controllable polarization; (b) and (c) measured far-filed beam patterns
and the collected power versus the orientation angle of the polarizer at different spots on the beam patterns of two representative devices. The

measured results are in red dots, while the simulated results in blue curves; (d) SEM image and design parameters, s and d, of the fabricated 10 % 10
patch-antenna arrays; and (e) simulated reflectivity spectra, measured polarization state, and measured far-field beam patterns of three represen-
tative samples with different array parameters s and d. (a), (b), and (c) are reprinted from the study of Zhu et al. [130] and (d) and (e) from the study of

Pérez-Urquizo et al. [131].
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QCLs with dielectric-loaded SP waveguide to first realize
dynamically polarization control [132]. By injecting two
coherent beams into two orthogonal antenna arrays
arranged in a second-order grating and manipulating the
intensity of each beam, QCLs showed dynamically tunable
polarization from linear to circular. The system architec-
ture is shown in Figure 11(a). A continuous tuning of output
beam polarization from linear to near-circular state with
the pump intensity of one laser is fixed, while another one
varied, as shown in Figure 11(b). Xu et al. demonstrated a
THz VECSEL with electrically controlled switching between
two linear polarizations separated by 80° [133]. This was
enabled by integrating a polarization-sensitive metasur-
face with a semiconductor gain medium to selectively
amplify a cavity mode with the designed polarization state,
therefore leading to an output in desired polarization. The
polarization-sensitive metasurface was composed of two
interleaved arrays of surface-emitting antennas, all of
which were loaded with quantum cascade gain materials
(Figure 11(c)). Each array was designed to resonantly interact
with one specific polarization; when electrical bias was
selectively applied to the gain material in one array, selective
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amplification of one polarization occurred. Figure 11(d)
demonstrates the 80° linear polarization angle switching
when biasing the two arrays separately. The VECSEL also
simultaneously showed excellent beam with a narrow
divergence of 3° x 3° and a peak output power of 93
mW at a temperature of 77 K.

6 THz QCL frequency combs

THz frequency comb has many applications in dual-comb
spectroscopy, quantum metrology, hyperspectral imaging,
molecular sensing, and quantum science and technology.
THz QCL frequency combs with stable and high output
power and entire lasing range comb operation are preferred
for applications. Frequency combs based on THz QCLs have
been demonstrated with heterogeneous [81-83,135] or homo-
geneous [84-86] active region designs. THz QCL comb forma-
tion is due to the large third-order y® Kerr nonlinearity of
the QCL gain medium, which, in turn, determines a robust
interaction between adjacent modes via the four-wave

(c)

0 ——I(Right) = 3.67A
30

\ 60

COTNONT QDT

[ I(Right) = 3.67A £
I(Left) (Bap) o

——3.39A
——351A

"\ 60| ——3.53A
A |—354a

6

0, (deg)

8-6-4-2 02468

DOITNONYO©®'
A
(Bap) "0

Figure 11: (a) Optical microscope image of the polarization controllable THz QCLs. The two sets of cross-oriented antenna arrays are vertically offset
by 21um, corresponding to a phase shift of ~7/2. The enlarged inset shows the schematic of the antennas; (b) polarization states of the phase-locked
QCLs when only the left or right arm is biased at certain current, and the evolution of the polarization state when varying the injection current of one
arm while keeping that of another arm fixed; (c) SEM image of the polarization controllable THz VECSEL. The inset shows the zoomed zigzag
metasurface; and (d) total output power through the polarizer versus the polarizer angle for the two sets of interleaved arrays of antennas. 80° linear
polarization angle switching is shown by the arrow. The far-field beam patterns of these two sets are shown correspondingly. (a) and (b) are reprinted
from the study of Liang et al. [132] and (c) and (d) from the study of Xu et al. [133].
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Figure 12: (a) Schematic and an SEM image of the integrated double-chirped mirrors for a THz QCL frequency comb formation; (b) calculated gain
cross-section of a heterogeneous THz QCL; blue curve for individual active region design labeled as A, B, and C; green curve for total active region; (c)
optical spectrum and correlation spectrum of the THz QCL frequency comb; (d) left panel: beatnote analysis along the LIV range of a THz frequency
comb with the shaded area indicating the comb region, in the light gray area, subcombs are observed; right panel: spectra for different currents. (a)
and (c) are reprinted from [84] and (b) and (d) from [81].

mixing (FWM) process [136-138]. However, in a free-running  group velocity dispersion (GVD) in the laser cavity plays a
THz QCL, the modes are not uniformly spaced, due to chro- major role in determining the frequency comb stability over
matic dispersion [84,139]. The interplay between FWM and the lasing range. Gain medium engineering can indeed allow
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a flat top gain [81], but only at a specific bias point. Stable
comb operation is only observed over a partial operational
current range in which bias-depended chromatic dispersion
is compensated, since most dispersion compensation mechan-
isms in the THz range are not tunable [81-84].

Burghoff et al. [84] demonstrated the first THz QCL
comb by integrating dispersion compensation into the
QCL waveguide to cancel cavity dispersion. The schematic
of the frequency comb is shown in Figure 12(a). Seventy
spectral lines spanning a total range of 500 GHz was rea-
lized as shown in Figure 12(c); the frequency comb opera-
tion range was ~29% of the laser operation range. The
optical power was not nearly constant as the MIR QCL
combs because THz frequency combs have complex tem-
poral structures [139]. By using a heterogeneous active
medium where three different active region designs were
stacked together as shown in Figure 12(b), an ultrabroad
frequency comb spreading a spectral range as wide as
624 GHz in an octave-spanning THz QCL was demonstrated
[81]. The broad gain curve is favorable for comb operation
since it results in a low gain GVD. The frequency comb
operation range was ~36% of the laser operation range as
illustrated in Figure 12(d). Yang et al. [140] obtained fre-
quency comb operation over the whole bias range by using
an external cavity to dynamically compensate bias-depen-
dent dispersion. However, the optical bandwidth was
reduced and output power was limited to yW level. Up
to now, dual-comb spectroscopy based on THz QCLs has
been investigated to detect gas with high temporal resolu-
tion [102,141,142]. Yang et al. [102] demonstrated the first
multiheterodyne spectroscopy using two THz QCL combs.
The average signal-to-noise ratios of 24 dB over a spectral
range of 250 GHz in just 100 ps was achieved. Broadband
transmission spectrum of etalon samples was measured
with the THz QCL comb. Consolino et al. showed a metro-
logical-grade hybrid dual-comb spectrometer based on
multi-heterodyne down-conversion of a THz QCL fre-
quency comb and a fully stabilized optically rectified
THz frequency comb. Methanol molecular transition was
measured and matched well with currently available mole-
cular database [141]. Multiple molecular detection in gas
phase was reported in the study by Sterczewski et al. [142]
based on dual-comb spectroscopy with continuously evol-
ving spectra from gas mixtures with 1 ms temporal resolu-
tion. Accurate and fast control of the comb line positions will
benefit dual-comb spectroscopy in the THz range, which is
still largely unexplored and is open to new insights and
improvements.

Achieving THz QCL frequency comb operation over
the entire lasing range with high output power and broad
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spectral coverage is very challenging. Recently, THz QCL
frequency combs based on other emerging approaches
such as harmonic comb regime [143], grating-gated modu-
lator used with graphene as passive dispersion compen-
sator [144], graphene saturable absorber reflector [145],
and integrated intersubband polariton bleaching [146] have
been demonstrated and discussed in detail in the study by
Vitiello et al. [147].

7 Conclusion

Since the first demonstration in 2002, THz QCLs have
experienced rapid development and become the most pro-
mising candidate to realize the important and unique
applications in the THz field. THz QCLs operated in CW
mode with several GHz tuning range and Gaussian beam
profile have been implemented as local oscillators for high-
resolution heterodyne spectroscopy. The remarkable pro-
gress in maximum operating temperature made THz QCLs
operate cryogenic-free which would open up new applica-
tions requiring portable high-power THz sources. Dual-
comb spectroscopy based on THz QCLs has been used to
detect multiple molecular samples. However, much efforts
still need to be devoted to comprehensively understand the
underlying physics of THz QCLs to further improve their
properties. The developments of new materials, such as
GaN/AlGaN [148-150] and Ge/SiGe [151,152], might impact
THz QCL domain further and become the potential candi-
dates for the next generation of THz QCL active regions.
Combining with 2D materials [153] will improve the mod-
ulation properties of THz QCLs, which are desired in THz
communications. Monolithic THz QCLs that simultaneously
include high output power, good beam quality, wavelength
and polarization controllable, and cryogenic-free opera-
tion might be realized in the near future and enrich the
physics and widespread applications of THz QCLs.
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